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SUMMARY
The complexity of the reactions required to equilibrate a 
simple force applied to a tooth have been shown. The elastic 
response which might be expected when an implant is subjected to 
lateral loads has been discussed. A lateral load has been shown 
to induce maximum stress concentrations at the alveolar bone crest.
The mechanical factors which effect the stresses produced by a 
tranverse load have been studied in the laboratory experiments 
using photoelastic techniques and a double exposure radiographic 
procedure which was devised. It was found that the maximum stresses 
were generated at the alveolar crest and that the magnitude of these 
local stresses was proportional to the applied moment and related to 
the flexural stiffness of the implant and to the difference in 
modulus between the implant material and the bone.
An analysis of two hundred and eighty two functional implants 
in vivo has shown that bone resorbtion had occurred in the alveolar 
bone crest in the majority of cases.
There is some evidence that a methodical assessment of specified 
mechanical and biological factors provides a criteria for determining 
whether a particular implant is likely to be successful.
The problems of obtaining data from radiographs by visual 
assessment have been discussed.
The use of densitometric techniques to obtain data from processed 
x-ray films of bone sites has been studied. A simple formula has been 
shown to be sufficiently good representation of the x-ray absorbtion 
of aluminium* The absorbtion behaviour of cortical and cancellous 
bone was calibrated against an aluminium wedge. The effect of x-rays 
passing through two dissimilar materials has been shown. Finally there
is some evidence that the detection of flaws in the cancellous bone 
may be improved by the use of densitometric techniques.
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INTRODUCTION
The restoration of function of the masticatory apparatus by 
implanting artificial roots has been the subject of numerous 
clinical reports throughout this century and the history of the 
different forms of implant has been summarised by Linkow and 
Chercheve (1970), Taylor (1970) and others. One cause of failure 
of implants before 1938 was the poor compatibility between the 
implant and the tissues. A major advance took place at this time 
when Venable and Stuck (1938) discovered that when metals were 
inserted into an environment of tissue fluids, an electrochemical 
reaction occurred. They inserted metals into animals and studied
i  ' *
the ionic transfer. Their conclusions were that some metals were 
much more inert than others.
With the development of new more compatible materials xrork in 
the field of implants increased and the problems were thought to be 
in the area of design. During the next thirty years a number of 
different designs were introduced as solutions to the.problem of load 
diffusion. ' However many failures were still being reported 
and since 1970 more emphasis has been placed on the implant material 
and its structure.
The load bearing requirements of the tooth are that it should 
withstand, the forces applied through the opposing teeth during 
mastication and nervous habits, and through the tongue, lips 
and cheeks. There should be no deterioration of the supporting 
tissues.
The replacement of a tooth by an implant with the same function 
as a load bearing structure is, however, a complex procedure.• In 
the first instance the manner in which the natural tooth is supported, 
namely its suspension by the fibres of the periodontal membrane in 
the tooth socket is difficult to duplicate around an implant. The 
complicated mechanism by which forces are transmitted to the jaw-
bones through the periodontal membrane must be replaced by an 
equally effective support structure around the implant.
The insertion of an implant into the tissues causes an initial 
trauma which results in tissue destruction and damage. Conditions 
must occur which promote bone growth and close tissue adaption to 
the implant. Factors such as the general health and the health of 
the tissues, the degree of trauma caused by the insertion, the 
compatibility of the implant material, the implant design, the 
anatomy of the bone site, the degree of mineralisation of the bone, 
the properties of bone as a material and the type and degree of 
implant loading must all be taken into consideration.
1 Knowledge of the biology of the implant tissue interface has 
been obtained from studies of the histology of the tissues around 
implant materials inserted into animals under a variety of loading 
conditions.
When the implant becomes functional the level of the local stress 
concentrations at the interface will be an important factor in 
deciding whether the interface bone will deteriorate. This aspect 
will be investigated in this thesis.
Dental implant techniques have evolved mainly by the use of 
empirical methods. These have consisted of clinical trials in which 
new implant designs were tested. Dental Surgeons have then attempted 
to analyse the results of these clinical trials in order to formulate 
theories concerning the mechanical behaviour of implants. The 
interpretation of clinical results has, however, proved to be 
difficult because no two patients are alike with major differences 
occurring in the implant site, the tooth forces, the length 
of the crown and in the percentage of the load which can be diffused 
to the natural teeth and the mucosa. The physiological character­
istics of the patient, such as general and oral health, together with 
the degree of co-operation with the Dental Surgeon will also be
important factors in determining the results of a clinical test.
Further problems for the Dental Surgeon are the variety of 
implant shapes and materials and the avoidance of possible errors 
during the treatment. The extent of the problem of interpreting 
the clinical results is shown by a study of the published work of 
Dental Surgeons with experience in this field. There is a plethora 
of information about the techniques of implant insertion and the 
construction of crowns and bridges. Failures are less well documented 
and information about the long term effects of functional implants 
on the bone is scarce. Finally, many Dental Surgeons have come to 
different conclusions about the scope and utility of different 
implant designs.
Four years clinical experience in the use of implants have 
demonstrated that the parameters which affect the long term success 
of the implant are not fully understood. The effect of the tooth 
loads on the interface bone has proved difficult to predict with 
the result that the implants which have been inserted into the 
jawbones have had varying degrees of success as load bearing 
structures. A feature of the functional performance of these implants 
has been that some resolution of the interface bone has occurred in 
the majority of cases such as shown in Figs. la, lb, and 1c. and Id.
The aspect of implant diagnosis which has caused the greatest 
problem in these clinical trials has been the difficulty of converting 
the data on load, site design and splinting into meaningful inform­
ation about the load capacity of the implant compared to the actual 
tooth load. One result of this lack of information about the 
loading capacity of an implant has been that the effects of each 
of the factors which determine this capacity have not been known.
The main diagnostic aid in implant diagnosis has been the 
radiograph of the bone site. However it has proved difficult to 
extract precise information about the cancellous bone from the visual
examination of the radiograph because the image of the cortical bone, 
with its greater degree of x-ray absorbtion, is superimposed on that 
of the cancellous bone.
These clinical trials have demonstrated that the mechanical 
behaviour of implants as load bearing structures is not understood 
and that there are no procedures which can accurately determine 
whether a proposed implant will be overloaded when the implant 
becomes functional as a tooth support.
There are many factors, biological, anatomical, psychological 
and mechanical which are related to the success of an implant.
Whilst it is difficult to separate the effects of the different 
factors, the mechanical behaviour of dental implants has received 
the least attention. In the review of the literature it is this 
aspect which will be emphasised.
In the first instance the mechanical properties of bone in 
vitro will be examined. The level of bone research varies enormously 
from considering the whole body of studies of single bones and test 
pieces. Recent investigations tend to concentrate on the properties 
of collagen fibres and hydroxyapatite crystals. There is however a 
lack of available methods for investigating the behaviour of living 
functioning bone. A specimen of bone, even when fresh and moist, 
will certainly have different properties from living bone in the 
long term, although the immediate response to conventional mechanical 
testing is likely to be representative. Further problems in obtaining 
comprehensive picture of the physical properties are the number of 
different types of bone and its unhomogeneity, that is, the charact­
eristic of exhibiting different properties in different directions. 
There are also difficulties in testing under suitably controlled 
conditions the effects of sex, diet, disease, trauma, hormones and 
the sympathetic and para-sympathetic nervous systems on the maximum, 
bone stress.
It follows that quantitative values obtained by laboratory 
experiments must be interpreted with great care. However the 
collective results of such experiments have enabled research 
workers to formulate opinions about the mechanical behaviour and 
properties of bone. In this paper our main interest .concerns the 
reaction of bone to deformation; a subject which has attracted the. 
interest of a large number of investigators for many years. The 
early experiments have been well summarised by Evans (1957).
The literature concerning the reaction of living bone to trauma, 
foreign bodies and to stress has next been reviewed. In chapters 
3 and 4 the data concerning the implant as a load bearing structure 
has been studied by referring to the reports about functional implants 
in animals and in human patients.
In part 2 the actual stress problem of an implant acting as a 
load bearing structure has been simulated, using photoelastic techniques 
and a study has been made of the elastic stress distribution and 
the load diffusion characteristics of a range of implant shapes. In 
order to examine the factors which effect the local stress concentra­
tions at the interface the general concept of the loading of elastic 
materials has been discussed. Finally the deformation of the implant 
and the bone, when under load, has been measured in a series of 
controlled laboratory experiments in order to study the factors which 
effect the deformation.
In part 3 a number of. implant cases have been analysed. An 
assessment has been made of specified mechanical and biological factors 
and these criteria have been related to the actual implant performance.
In part 4, quantitative techniques for bone site assessment, 
which measure the density of the processed x-ray films of the site, 
has been analysed and the x-ray absorbtion behaviour of bone and 
inert materials has been studied.


PART 1: THE REVIEW OF THE PREVIOUS LITERATURE
CHAPTER 1
THE MECHANICAL PROPERTIES OF BONE IN VITRO
In order to understand why implants are successful in some cases, 
when they are efficient as load bearing structures over a period of 
years, and fail in other cases when their efficiency becomes reduced, 
due to loosening of the implant, we must start by examining the 
mechanical properties of bone. This is important because we must try 
to predict the possible reaction of the bone to the functional implant 
when the case is assessed at the diagnostic stage. Such information, 
about the properties of bone as a material, will also be useful when 
the different implant designs are considered.
One of the problems is that the knowledge about the mechanical 
properties of bone has come.from studying bone in the laboratory whilst 
we must predict the reactions of the bone in vivo.
Curry (1970) has pointed out that if whole bones are tested the 
results can depend on the material or the shape, amount and arrangement 
of this material. Thus it is necessary to test, in addition, pieces 
of bone of standard size and then to study the histology of the bone 
to see whether the actual structure of the bone changes is related to 
the mechanical properties of the different specimens.
Wall, Chatterji and Jeffrey (1970) have pointed out that the 
properties of the bone specimen will depend upon the individual and 
on the methods of obtaining, preserving and preparing the bone samples. 
Curry has drawn attention to the fact that dry bone has different 
properties than wet bone whilst Maj and Toagari (1967) have demonstrated 
that the results vary according to the orientation of the sample.
Finally Sedlin (1965) and Curry have emphasised the importance of the 
loading rate and have pointed out that one must be careful when relating 
the results obtained from static loading in the laboratory to effect 
of fluctuating loads in the mouth.
The complexity and variety of bone structures have thus presented 
considerable difficulties which have resulted in many different 
approaches. Koch (1917) and Marique (1945) tried to calculate the 
resistance of bone to tension and pressure and to relate their 
predictions to the behaviour of major load bearing bones. This 
analytical approach was largely unsuccessful because bone is not 
homogeneous and samples tend to have an irregular cross-section.
Research workers next tried to utilise standard engineering 
techniques by constructing physical models which would behave in 
a similar manner to bone. Despite many different designs of model, 
using a variety of materials, the heterogeneous structure of bone 
has! proved difficult to simulate.
1.1. Different bone properties which have been tested. The results 
of the laboratory tests on bone samples.
The first property which can be tested is the Tensile strength, 
measured in force per unit area, the magnitude of which Evans (1957) 
found to be critical in the production of fractures. Test samples are 
usually orientated with their long axis along the bone length. A 
known force is exerted at the ends of the bone and the increase in 
length is measured. The force can be increased until the bone fractures. 
The deformation of the bone is now plotted against the load to give the 
load/deformation curve. At low loads there is a simple relationship 
between the load and the deformation i.e. the graph is a straight line.
If the force is applied to the ends of the bone, so that it is 
compressed, the reduction in length can be measured. This test is more 
difficult because of the problems of alignment. Often it is more 
convenient to apply bending tests to the bone in order to calculate the 
tensile stresses. If a force is applied at right angles to the bone 
the bone is compressed on one side and a tensile force is applied on 
the opposite side at the same time. The deformation can be measured
and the stresses can be calculated from simple formulae such as stress 
= My/I. M = moment, y = distance from the neutral axis, I = the second 
moment of the area. Simple bending formulae, however, relate to 
homogeneous materials and ignore the vertical and horizontal shearing 
forces.
Whilst the strength of the bone is important, its stiffness is 
also a significant factor. This property, the modulus of elasticity, 
is measured by dividing the stress by the strain. A simple tensile 
test along the length of the bone can be used or a bending test in 
which the deformation is measured. Bending tests have been found to 
be more accurate because of easier fixation and the much larger 
deformations, Compared to the magnitude of the changes in length 
measured in the previous tests.
Another property, which can be tested, is the effect of repeated 
loading of a speciman to study the fatigue properties of the material.
The factors which must relate to fatigue are the maximum stress, the 
range of stress and the frequency and range of the repetition of the 
load.
Finally, the visco-elastic property of bone can be measured to 
see whether it behaves differently at different loading and strain rates.
Currey (1970) has tabulated the results of many investigations 
using these standard tests and the average results for the different 
properties are shown in table 1, whilst Frost (1967) has collated, 
for comparison, the results of similar tests on implant materials as 
shown in table 2.
TABLE 1
Typical properties of cortical and cancellous bone
(a) Cortical bone
ultimate tensile strength 
compressive strength 
shear strength
principal modulus of elasticity
(b) Cancellous bone
. ultimate tensile strength
principal modulus of elasticity
83
“2
MN.m
-2
103 MN.m
28 “2MN.m
19,300
_ _ -2 
MN.m
2.8 MN.nf2
620 MN.m
-2
TABLE 2
Properties of materials used in dental implants 
material
Vitallium
Sapphire
Plastics
elastic modulus
^  -2  
MN m
207.000
345.000 
24,800
ultimate tensile strength
“ 2MN m
34
83
The tests show that bone acts as a weak hookean material so that
stress is proportional to strain provided that the stress is less than
. . - 2
an amount in the region of 9MN m .
Maj and Toajari (1967) demonstrated that bone distortions under 
load vary with the orientation of the bone sample. They found that 
cortical bone specimens, loaded parallel to the long axis of the bone, 
had a bending strength three times and six times greater than blocks 
loaded in the transverse and radial directions; and thus obtained a 
quantitative estimate of the anisotrophy in ultimate strength of bone.
Curry found that, in rats, the degree of mineralisation affects the 
value of the Modulus of elasticity. He found that the highest value 
for the modulus was three times that of the lowest value. Long term 
loading can produce deterioration in the structure of a material.
Factors which affected fatique life were found to be the maximum 
stress reached, the range of stress and the number of times of loading. 
However these are not necessarily the only factors which determine the 
fatigue life of a biological material and further experimental data is 
required to provide a satisfactory understanding of bone behaviour 
under cyclic loading. Fracture may also be produced by trauma if there 
is a high local stress concentration, an example of this is the fracture 
which can occur during bone drilling as shown by Bechtol, Ferguson and 
Laing (1959).
Apart from magnitude of the load, other factors have to be taken 
into consideration. The work of Sedlin (1965) and Currey (1970) 
suggested that bone behaves differently at different loading rates.
They showed that the deformation of the bone after 55 days of steady 
load well below the elastic limit was 153% greater than after 2 rains, 
of the same load. These experiments illustrate the viscoelastic 
properties of bone. For normal loading at slow speed the ultimate 
stress (the maximum internal force that the bone can stand) is important,
and the bone will fracture when this stress is reached. With high speed 
loading, the maximum strain (distortion) is important and the bone will 
fracture at a given deformation almost independently of the applied load. 
Another factor is that most laboratory tests have been conducted under 
static conditions whilst in the mouth the bone is subjected to fluctuating 
loads which could under certain conditions lead to fatigue fractures.
Cortical bone is much easier to test than cancellous bone. The 
inner bone is difficult to separate from the outer shell and a sample can only 
with difficulty be held firmly without crushing. The results obtained 
show that the strength and stiffness are considerably lower than that of 
cortical bone and that there are large variations in the results. The 
value of the highest readings are approximately twice the value of the 
lowest readings. The cancellous bone enables the weight of the whole bone 
to be lighter whilst its functions appear to be to transmit forces in bone 
where the force is applied over an area and where the magnitude of the 
stresses would be too low for an all cortical bone.
1.2 Conclusions
The in vitro testing of bone samples provides a great deal of useful 
information about bone which can be related to the bone sites into which 
implants are inserted. Two important properties of the bone are the 
strength and the stiffness and the tests show that there are a number of 
related factors to these properties such as the geometric shape of the 
bone, the volume and the way the volume is distributed around the central 
axis. The variation in the stiffness of the bone, particularly regarding 
the cancellous bone, from case to case, show that generalisations are 
difficult to make regarding the bone sites and that each case must be 
carefully assessed. Similarly the effect of the difference in stiffness 
between the implant and the bone will affect the distribution and
magnitude of the interface stress concentrations. The properties of 
strength and stiffness are particularly important when one considers that 
the majority of cases have bone sites in which some loss of bone has 
occurred following the extraction of the tooth. There are also differences 
in the thickness of the cortical shell particularly when dentures have been 
worn for some length of time. The bending tests have also shown the 
importance of the applied bending moment which would make the height of the 
prosthesis over the implant an important factor. The in vitro tests also 
show how the design of the implant must relate to the properties of the 
bone. For example the use of excessive force during insertion could produce 
a fracture whilst sharp edges on the implant could produce high stress 
concentration at the interface. These tests on bone could also be related 
to similar properties in the implant such as the geometric shape and 
stiffness. They show that some implant materials have a very different 
modulus from bone, e.g. metals and ceramics, and the effect of this is a 
factor to study. These laboratory tests emphasise the importance of the 
magnitude of the stress concentrations at the interface.
CHAPTER 2
THE REACTION OF LIVING TISSUES TO IMPLANT INSERTION AND TO IMPLANT FUNCTION.
2.1 Repair and remodelling: The bone site following tooth extraction.
Thylman S.D. and Thylman S.G. (1960) studied the effects of tooth 
extraction on the alveolar bone by measuring the changes in dimensions.in 
clinical cases either directly or from radiographs. They reported that 
there was a marginal resorbtion of sockets, a loss of contour and a 
rounding off of the ridge.
They found that the alveolar resorbtion of the maxilla differed from 
that of the mandible. In the maxilla the labial and the buccal alveolar 
plates and the crest of the alveolar ridge resorbed at a faster rate than 
the lingual plates. The effect of the resorbtion was that the size of the 
arch was reduced, often within the size of the lower arch.
In the mandible the ridge was not as large or as prominent as that 
in the maxilla. The dimensions were reduced in a labio-lingual and bucco- 
lingual direction. The resorbtion of the alveolar ridge in the mandible 
was found to be the same in the labial and buccal as in the lingual aspect. 
There was a reduction in the height of the ridge but no reduction in size. 
The external profile of the crest was either well rounded or knife edged.
Ackermann R. (1966), in a similar study, also showed how the vertical 
height of the alveolar ridge was reduced following extractions and 
suggested that because of the proximity of anatomical obstructions the 
opportunity for implantation into the bone was correspondingly reduced.
He also pointed out that in the mandible the lack of width in the 
region of the alveolar crest in both the anterior and posterior regions, 
following extractions, was a further limitation to implantation.
2.2 The response of the bone to the trauma of the insertion of the implant.
Collins (1953) investigated the structural changes around nails and 
screws made of chrome cobalt alloys and inserted into humans. The implants 
had been functional from 6 days to 5 years. He reported that sections 
showed the adjoining trabeculae were fractured from the trauma of the 
insertion and that a blood clot had been formed. Sections examined in the 
first 6 weeks of functional life showed that organisation of the blood 
clot and bone fragments had taken place with the appearance of new blood 
vessels and fibroblasts.
After 6 weeks the nails were lined with fibrosing tissues, whilst 
after, 20 weeks the fibrous walls around the nail were in communication 
with a chain of new and old trabeculae. The original trabeculae became 
enlarged by the deposit of new bone. Collins distinguished between the 
different designs and he found that the haversion canal system was 
destroyed around the thread of the screw but the injured haversion canals 
were reformed around a pin.
Sandhaus (1969) implanted ceramic implants into dogs and 
found that the initial reaction of the bone was the encapsulating 
of the implant with fibrous tissue followed by the.appearance of new 
bone.
Matthews (1971) has studied the early reaction of tissues to the 
insertion of 1610 metallic hip nails, 584 hip prostheses and 54 
intermediary rods. . He suggested that the insertion of an implant 
damages the bone's blood supply locally over an area of 100y -150p 
and this area becomes necrotic.
Serial radiographs showed that the implants moved during this 
time in the resorbtion cavity. Repair then took place and encap­
sulated the nails by mesenchymal and granulation tissue. Several 
weeks after the operation regenerated bone appeared around the fibrous 
sheath as a calcified sheath seen on radiograph. He said that the 
presence and rate of implant resorbtion depended on the amount of
local bone tissue necrosis at the time of surgery, the rate of 
implant oxidation, the site of the implant and the amount of tension 
on the implant in clinical use.
Thus the response of the bone depended on the amount of trauma 
at the time of the operation and the compatibility of the material.
2.3* The biocompatibility of the different implant materials; metals,
plastics, carbon and ceramics- ‘
A review of the biochemical, histological evidence from animal 
experiments and the evidence from orthopaedic and dental implants 
inserted into human patients.
Four main types of materials have been used as implants: 
metals, plastics, ceramics and carbon. In 1958 Scales suggested 
that implant materials should be inert, strong enough to withstand 
the mechanical stresses, non-carcenogenic, non-allergic, non­
inflammatory, capable of sterilisation and easy and cheap to make.
2.3.1 Metal Implants
Metals either in pure or alloy form are crystalline in 
structure consisting of a number of small molecules arranged in 
lattice forms.
There is a variation in properties between the different 
metals and these properties can be altered by heat, stress and by 
chemical changes in the environment, e.g. the ph.
Implants made of metals are reactive at the surface and will 
only be suitable as implants if stable bonds are immediately formed 
by a chemical reaction. The compatible materials form an immediate 
protective oxide layer of limited thickness when in the hostile 
tissue environment.
When considering the reactions of the bone to implants inserted
into animals and into human patients, it is of particular interest 
whether large multinucleate giant cells have been detected, which 
would be evidence of reaction. ^ large increase in
monocytes and lymphocytes would denote a generalised inflammation 
of the surrounding tissues, whilst if the epithelium had proliferated 
round the implant it would show that the implant was regarded by the 
tissues as a foreign body and not a compatible material which can 
exist, in the tissue fluid environment, next to healthy tissues.
The metals which have been studied or actually used for 
implantation have been described by Zierold (1924), Bechtol et al 
(1959), Garrington et al (1972) and Johns (1974). These metals have 
included aluminium, copper, gold, iron, lead, magnesium, rhodium 
and silver which were not successful and titanium, tantalum and 
alloys,such as chrome cobalt,which have been implanted with 
subsequent reports of success.
A major advance took place in 1938 when Venable and Stuck 
emphasised the electrochemical reaction of metals. Their work 
became the foundation for all subsequent investigations into the 
corrosion of metals in the body tissues. They inserted screws of 
different metals into the bones of animals and studied the ionic 
transfer. They considered that the chrome cobalt molybdenum alloys 
the most inert. This was confirmed by Blunt (1952) after experiments 
on dogs.
Clark and Hickman (1951) and (1955) tested the resistance 
to corrosion of various metals by using an electrolytic cell 
containing serum. They based their calculations on the amount of 
energy which has to be expended in order to break down the resistance 
to corrosion of the metal. They found that titanium was the most 
inert metal.
Herschfus (1954) found that there were no adverse reactions 
when chrome cobalt alloy implants were used as tooth replacements
In 1955 Palazzi reported the tissue reaction around an open 
spiral implant made of tantalum inserted into a dog. Sections of 
the surrounding tissues showed bone trabeculae and fibrous tissues 
around the implant and in the spirals.
Gross and Gold (1957) reported a good tolerance to chrome 
cobalt alloy implants inserted in dogs. Held et al (1958) studied 
bone reaction around different metal implants and reported no 
inflammatory sections around metals such as tantalum, and chrome 
cobalt alloys.
Zepponi and Santero (1959) sectioned an open spiral metal 
implant which had been in alveolar bone for 9 months and then 
removed due to faulty positioning. The most superficial section 
showed thick fibrous interface tissue. Some inflammatory cells 
were present. Deeper sections showed similar tissue at the inter­
face surrounded by new bone trabeculae.
They concluded that there was no intolerance of the metal.
Hoar and Mears (1966) examined by electrochemical means the 
behaviour of metals in chloride solution and in Hanks physiological 
solution. They concluded that stainless steels and nickel alloys 
were unlikely to resist all breakdown when exposed to the body 
fluids indefinitely. They said that chrome cobalt alloys may well 
withstand such exposure and that titanium and some of its alloys 
should withstand it indefinitely.
The main disadvantage therefore of metal implants is the 
possibility that the oxide protective layer will break down over a 
period of time with the loss of mechanical properties due to 
corrosion and the transfer of possibly toxic materials into the 
tissues. There are also the possibilities of fracture due to metal 
fatigue and pigmentation in the surrounding tissues due to ionic 
transfer.
Doms (1968) reported upon the tissue reaction to tantalum 
pins inserted into jawbones for the treatment of fractures. He 
noted that in the first three weeks the blood clot was organised 
and fibrous tissue laid down. After three weeks osteoblastic activity 
commenced. Doms noted only a small dovngrowth of epithelium.
Both Doms and Collins found no multinucleate giant cells and 
monocytic infiltration was confined to the gingival mucosa.
Hirschhorn et al (1971) and Hirschhorn (1972) studied the use 
of porous metals as implant materials. They examined the material 
for tissue ingrowth. They studied three types of porous metals, an 
all porous material, a surface coating of porous material on some 
or all portions of a solid base material and a porous material segment 
joined to a solid one. They implanted the materials into rabbits 
and dogs. No giant cells or other signs of inflammation were found. 
Little or no fibrous ingrowth occurred at densities near or over 85% 
but when the densities were reduced to 38% mature fibrous tissue and 
bone cells were seen in the pores. They found that approximately 
75% density was required for adequate strength. Young (1972) reported 
on the implantation of titanium with a solid core and porous surface 
in dogs. He found that within 3 months bone and fibrous tissue was 
present in the surface layers. "
Babbush (1972) reported that following the examination of 
tissues around 8 blade implants which had been functional in dogs 
6, 9 and 12 months, the gross histological appearance showed no 
evidence of rejection.
James and Kelln (1974) used a special staining technique,
PAS, which determines the amount of mucopolysaccharide in the cells, 
suggested that the argument about the epithelial downgrowth could 
be resolved by this method. If the cells in the innermost layer 
of the interface tissues showed the requisite amount of mucopoly­
saccharide in the cells then it could be argued that these cells were
epithelium.
They inserted pin implants into dogs and identified a PAS 
positive layer at the base of the epithelial cuff similar to that 
around a natural tooth. However they reported that tissues at the 
bone interface were considerably less PAS positive. They suggested 
that the flattened cells around the implant were fibroblasts and 
not epithelium.
There have been a number of adverse reports.
Nickols (1954) reported unsuccessful experiments with animals 
but suggested however that the cause was a heavy bite on the implants.
Ferguson et al (1959) studied the surrounding tissues spectro- 
chemically and found evidence of migration of ions from the implants. 
He found that the least reactive material, pure titanium, showed 
the most migration.
Zepponi and Santero (1959) found evidence of inflammatory cells 
and polymorphonuclear leucocytes in the new bone layer around a 
metal implant in situ for 9 months but suggested that these cells 
were reaction not to the metal but to a heavy bite.
There has been a disagreement concerning the downgrowth of 
epithelium around metal implants in the reports.
Mack (1960), following the examination of interface 
tissues around chrome cobalt alloy implants in monkeys, reported the 
exteriorisation of the implant by epithelial downgrowth, and 
Bodine et al (1969) following histological examination of the tissues 
around a chrome cobalt alloy implant which had been functional in a 
human patient for 12 years, reported some downgrowth.
Harris and Lossin (1971) reported only a limited downgrowth 
following the insertion of chrome cobalt alloy blades and titanium 
open spirals and screws and blades into the jawbones of dogs.
Similar reports came from Babbush (1972) following the insertion 
of implants in dogs.
Manderson (1972) reported extensive epithelium downgrowth around 
titanium open spirals in the mandible of miniature pigs.
2.3.2. Plastic Implants
Plastics are composed of giant molecules built up from 
molecules containing carbon and silicone atoms. These molecular 
chains of great length in this type of material are not capable 
of being arranged in lattice forms although patches may occur.
Plastic is an organic material at some stage in its history. The 
long chains may be provided by nature or from simple molecules by 
.a chemical process known as polymerisation in which simple molecules 
known as monomers are built up into chains, polymers.
Polymers are divided into two main types, the thermosoftening 
plastics which can be softened and resoftened by heat e.g. rubber 
or the thermohardening plastics which undergo a chemical change on 
heating and there are no further changes in shape e.g. resins.
The physical properties of plastic implants may be influenced 
by a number of factors such as the presence of an oxidising agent, 
heat or some electromagnetic radiation which could influence the 
breakdown of the macro-molecule.
Oppenheimer et al C1955) found that the polymers did not give 
rise to malignant changes in rats and mice.
Charnley (1966) as a result of wide experience with plastic 
implants has not found destructive effects which might be ascribed to 
free monomer.
Hodosh et al (1964) (1967) (1968) (1969) and (1970) have long 
advocated the use of methyl methacrylate for dental implants. In 
a period of 12 years they used the material alone, and combined 
with anorganic bone in the form of a composite. The material has 
been implanted into rats, rabbits, dogs, monkeys and baboons. The 
results were similar to those reported when metal implants were 
implanted. A fibrous sheath surrounded the implant and in
addition collagenous bundles were seen to have penetrated into the 
material. In the composite material the anorganic bone was replaced
J
by fibrous tissues. They report no incompatibility.
However when other workers have tried to duplicate these 
experiments they have reported adverse results, and Waerhaug and 
Zander (1956), Waerhaug (1957) and Iwaschenko (1958) found that 
the implants were exfoliated.
There are constituents of certain plastics which have caused 
concern regarding their possible irritability to the tissues.
Traces of anti-oxidents (used to delay spontaneous polymerisation) 
stabilizers (resisting the break up of the giant molecules), and 
plasticisers (included to modify physical characteristics) may all 
irritate the tissues.
Hamner et al (1970) reported that the failures with plastic 
implants were due to the lack of attachment and circumferential 
fibre orientation in the surrounding fibrous capsule and to free monomer.
They found that five out of 21 plastic implants failed.
Severe tissue inflammation and osteomyelitis occurred in four 
different baboons following implantation. They felt that the effect 
was due to free monomer. They found that the attachment of the 
fibres to a plastic implant was poor, and that the fibres were 
aligned in an abnormal fashion parallel to the vertical axis of the 
implanted tooth.
Taylor and Smith (1972) studied tissue reaction to 
methyl methacrylate specimens of different porocity. The 
material was implanted into rats and the animals sacrificed at 
periods from 6 to 60 days. The results with the course grained 
material showed that a saline solution in the pores was replaced 
by an amorphous material then by inflammatory cells. Blood 
capillaries were noticed and collagen fibres which penetrated the 
material within 20 days. In the fine grained material the penetration
of the collagen fibrils was much reduced and multinucleated giant 
cells were seen. He concluded that a pore size of 12y was inadequate
i
and that compatibility was related to pore size.
2.3.3 Carbon Implants
The advantages of Carbons as a potential implant material have 
been recognised following research in the fields of nuclear energy 
and aerospace. In 1968 a number of carbon products were available 
as reported by Benson (1971) these included vitreous carbon, 
graphites and carbon graphite powder composite. The main form of 
carbon used for implants has been vitreous or glassy carbon. The 
chemical inertness and strength was reported by Benson (1971) to 
be a function of the pyrolysis temperature involved in the final 
processing. The material is a hard impermeable solid with less 
than 200 ppm impurities.
Bechtol (1967) reported the use of carbon composite, ground 
into a fine powder and implanted in muscle tissue in rats. After 
6 months the animals were sacrificed. Histological sections of 
the interface tissues showed no evidence of inflammation, necrosis 
or carcinogenic reaction, even though the purity level was only 
about 90%
Bensen and Waring (1968) implanted bundles of high strength 
carbon filaments transcutaneously in humans and reported no toxic 
effects after 1 year.
Mooney et al (1971) studied three carbon implant materials, 
composite carbon, vitreous carbon and graphite vitreous carbon. They 
implanted dowels of the material, 3/16th inch in diameter by | inch 
in length into the femurs of dogs. Histological studies were 
completed in 4 months. The interface tissues around vitreous carbon, 
they reported, showed no fibrous reaction of any sort and apparently 
bone growth up to the surface of the material. The graphite vitreous 
carbon was nearly as successful with only minute fibrous reaction.
They also reported that the resistance to separation of the tissue 
from the carbon material increased with increase in surface pore 
size from 200y to 100y. >
Grenoble & Voss (1975) have reported on more than 300 vitreous 
carbon implants placed in human patients since 1971. They concluded 
that carbon implants could be used as abutments for a fixed partial 
dentine and as a single tooth replacement. They reported that 
radiographs showed that a layer of dense bone had formed around the 
implants within one year.
The results that have so far been published show that the 
material appears to be very inert with little fibrous encapsulation 
and close approximation between the new bone and the implant 
material.
2.3.4 Ceramic Implants
Ceramics are polycrystalline materials with a regular structure 
of metallic and non metallic elements whose bonding is ionic. The 
major criticisms of the material were that it was brittle and that 
it contained silicon oxide (Si C^) known to cause inflammatory 
reactions on tissues. The Batelle Institute (1966) reported the 
development of a solid state sintering technique which produced 
single phase ceramics from the refractory oxides, carbides, nitrides 
and silicides which did not require a glassy phase of bondage. They 
reported that the material was hard wearing and non toxic.
Hulbert et al (1971) said that ceramics were inert materials 
composed of ions found in a physiological environment e.g. Calcium, 
Potassium, Magnesium and Sodium, and of ions showing a limited 
toxicity to body tissue e.g. Aluminium and Titanium.
Graves et al (1971) reported that the ceramic refactory oxides 
e.g. Aluminium Oxide, were stable in an oxidising environment 
following implantation in monkeys.
Levin et al (1964) and Young (1972) pointed out that some 
ceramic compounds e.g. combinations of Silicon Oxide, Aluminium 
Oxide and Calcium Oxide, react with water and organic compounds 
whilst certain combinations of Calcium Oxide and Aluminium Oxide 
undergo hydrolysis.
Graves et al (1971) implanted polyphase and a single phase 
calcium aluminate implants into the femurs of monkeys.
They reported that the polyphase implant made by calcining 
calcium and aluminium oxide to give a solid state mix before 
sintering, was embedded in newly formed bone in 6 weeks and that 
a well vascularised cancellous type bone had invaded the pores.
! Hench et al (1971) implanted glass ceramic material, consisting 
of Silicon, Phosphorus, Calcium and Sodium Oxides subjected to a two
t
step thermal treatment, into the femurs of rats for 6 weeks. He 
reported no inflammatory reaction and a close connection between 
the material and the bone.
Klawitter and Hulbert (1971) implanted Calcium Aluminate 
pellets containing 41% Calcium Oxide and 59% Aluminium Oxide into 
dogs. The animals were sacrificed at from 4 to 32 weeks.
They found an ingrowth of soft tissues and osseous tissue 
into the pores of the material. There was no adverse tissue reactions 
although some giant cells were seen, they were sparse. They found 
that mineralised bone growth into porous calcium aluminate implants 
required a minimum interconnection pore size of 100y;. Osteoed tissue 
was found at a pore size of between 40y and 100y. At a pore size of 
from 5-15y,only fibrous tissue entered pores.
Hamner et al (1970) and (1972) reported the results of implanting 
ceramic tooth implants in dogs and baboons and said that there were 
no deleterious effects and similar results were obtained after 
injection of the material into rabbit paravertebrae muscle and 
testing in mouse fibroblast culture.
Young (1972) inserted mixtures of calcium carbonate with pure 
alumina into mongrel dogs and reported high tissue compatibility.
Finally Sandhaus (1969) has reported on the results of his 
clinical trials of ceramic implants on patients, following 
successful experiments with these implants in dogs and monkeys.
He has reported that radiological tests and mouth examination of 
these functional implants has shown that the soft tissues at the 
interface are healthy and closely opposed to the material and that 
the bone appears to grow up to the surface of the ceramic implant 
and over a period of time the implant becomes less visible on 
radiographs suggesting that the tissues have grown into the 
ceramic implant.
Conclusions
Reports from animal experiments have suggested that various 
materials are inert in living tissues to a degree that, in the 
short term, no adverse reactions have been reported which would 
cause the implants to fail. Certainly the formation of new bone 
in the area of the interface and the presence of tissues in the 
interface pores of some of the materials indicates a high degree of 
compatibility. The long term reactions of the material and the 
effect of ionic migration are less well documented.
2.4 The Reaction of Bone to Stress
Bone is a living material which is constantly changing and 
remodelling itself according to the stress and irritations upon it. 
Many research workers have shown that there is a correlation between 
the structure of bone and the stresses upon it.
As long ago as 1867, Meyer postulated that cortical and alveolar 
bone are subject to remodelling which reduces stress concentrations 
to a minimum.
Wolff in 1870 propounded the law that if the function of the 
bone is changed, this is followed by changes in the internal 
architecture.
Milch (1940) found by using photoelastic techniques, that there 
was a correlation between function, stress and shape. Although the 
photoelastic models did not simulate the anisotropic behaviour of 
real bone, these experiments provide a convincing demonstration of 
the importance of geometric shape in determining stress distribution 
and initial mode of failure of certain bones.
If the pressures on bone are too great, resorbtion of bone 
occurs. That is, the destruction or solution of its elements. This 
process of resorbtion has been shown by McLean and Bloom (1941) to 
be under humoral control, e.g. the parathyroid hormone.
Charnley and Baker (1952) reported on the clinical findings 
regarding the healing of bone fractures. They found that there must 
be an absence of shearing movement and adequate concentration of 
compressive forces for the promotion of bone growth.
Hicks (1961) and others have shown that bone can withstand a
considerable static load without pressure necrosis.
Epker and Frost (1965) showed that the electrical charges at 
the surface of the bone can be related to resorbtion.
Perron et al (1969) studied the effects of knoxra values of
different static loads on intact as well as osteotomised bone from 
the tibia of sheep. Compression forces of 60_-140Kp exerted through 
a rigid plate caused no pressure necrosis.
Resorbtion of bone can also be caused by irritation, chemicals, 
heat and disease, as well as by trauma. The bone minerals and matrix 
are absorbed simultaneously. The minerals are held in solution by 
chelating agents which form complexes with the metallic ions.
Collagen is rendered soluble by means of enzymes such as bacterial 
collagenase.
There is a lack of information about the magnitude and type of 
forces which will cause resorbtion and the forces which will enable 
the bone to obey Wolff's law with the funtional adaptation.of bone 
structure.
It is of prime importance that resorbtion of bone around 
implants should be prevented or the implant will loosen.
CHAPTER 3
THE IMPLANT AS A LOAD BEARING STRUCTURE (1)
3.1 Forces on natural teeth and implants
An essential feature of the behaviour of a natural tooth or 
an implant is the ability to withstand tooth forces without the 
introduction of embarrassingly high local pressures at critical 
locations in the supporting structure of the mandible.or maxilla.
The loads which are applied to the tooth surface during 
mastication are the maximum forces which would be transmitted 
through the tooth crown to the supporting structures, during 
normal use. Anderson (1956) showed that these forces are of short 
duration, he found that the average chewing sequence was around a 
mean of 10 seconds, although the range was several seconds. The 
forces increased steadily to a peak and then returned, in a short 
space of time, to zero.
However, higher forces can be applied to the teeth if a special 
effort is made and the forces can be applied for longer duration 
under stress conditions such as bruxism. Howell and Manley (1948) 
recorded a maximum force of 882 N using an electronic strain gauge. 
Normal chewing forces are however much lower. Anderson (1956) inserted 
a resistance wire strain gauge into an inlay in a molar tooth of a 
patient and recorded forces of between 70N and 146N as the maximum 
whole tooth loads from 20 chewing sequences of first, biscuit then 
carrot and finally meat.
When missing teeth are replaced by dentures the magnitude of the 
forces applied to the artificial tooth is less than that applied to 
the natural tooth. Yuikstas and Curby (1953) measured the vertical 
forces applied to artificial teeth by incorporating a variable-
inductance strain guage into an artificial tooth so that at
maximum compression the vertical movement of the strain gauge was
limited to .5mm. The forces were recorded as deflections of strip 
chart recorder. They investigated full upper and lower dentures, 
a partial lower denture against a full upper and a partial lower
denture against natural teeth. The maximum force recorded in the
study was 117 N whilst the average force required to masticate 
foods varied from between 3 and 17 N which is considerably lower 
than the forces recorded by Anderson on natural teeth. Watt et al 
(1958) measured the vertical bite load on both natural and artificial 
teeth using an instrument which worked on the torsion bar principle. 
They measured the maximum loads and not the normal masticatory loads. 
Their results show that the mean of 215 measurements of loads on 
natural teeth was 212 N, the mean of 16 measurements on tooth borne 
saddle dentures was 107 N and the mean of 28 measurements on free 
end tissue borne saddles was 72 N. These results show the advantage 
of tooth support over tissue support. This would suggest that the 
splinting of implants to natural teeth was desirable but that if 
dentures were placed over the implants the forces would be reduced.
Thylman and Thylman (1960) using a gnathodynanometer, measured 
the difference between the forces applied to.abutment teeth and 
natural teeth. They found that when teeth were used as abutments 
for fixed and semi-fixed restorations the vertical forces ranged 
from 84 N to 300 N in the maxilla and from 80 to 328 N in the mandible 
The forces measured on the natural teeth, in the same mouth, which 
were not used as abutments were from 88 to 328 N in the maxilla and 
from 84 to 520 N in the mandible.
The data on tooth loads is useful because in the laboratory 
experiments forces can be applied to the tooth surface which are 
similar in magnitude to the type of forces which have actually been
measured in the mouth.
The factors which affect the magnitude of the tooth loads are 
another aspect of interest in this review because assessments will 
be made of the tooth loads on implants which are already functional. 
Several workers have attempted to prove relationships between certain
factors and the load on teeth. Watt et al considered that the
factors which most affected the load were the musculature of the 
patient, the pain and discomfiture threshold, the degree of co­
operation and the health of the teeth and their supporting structures.
They found that the most useful quantitative test was to measure 
the periodontal health of the tooth by a points scoring method based 
on the presence of gingivitis, fremitus on percussion and mobility.
They then applied a compensation factor to the bite force which had
been measured. This factor was based on the difference between the 
mean and the individual scores for muscularity, pain threshold and 
inclination. The results showed that there were indications that 
the periodontal disease score and the compensated bite load recorded 
were inversely related. The cases which recorded a bite load 
(compensated) from 200 to 400 N were related to a lower periodontal 
score of below 1.5 whilst the lower loads (below 200 N) were related 
to the higher scores of from 1.5 to 3. However the range of non- 
conforming results was as high as between 20 and 25%.
Another factor which might be related to the tooth loads is 
the area of support. In the case of the natural tooth this area 
would be that of the periodontal membrane which could be estimated 
from radiographs or calculated by converting the data from the 
radiographs by using a formula devised by Jepson (1953). He measured 
the root surface area of 238 extracted teeth and showed that the bulk 
of the values for each type of tooth were scattered around an average 
of plus or minus 30%. Jepson then devised his x-ray photographic 
methods to determine the root area which he says has an accuracy of
plus or minus 10 - 15%.
Thylman et al measured the bite force on teeth and placed the 
results in a table in order of magnitude. They next assessed the 
area of the periodontal membrane from radiographs and tables of 
average values and made a second table in the order of the magnitude 
of the periodontal area. They then compared the load table with the 
support area table and found that there was a relationship between 
the two. The first and second molars were first and second in the 
table. Thus an average load of 3/2 N for the first molar was 
equivalent to 333 sq.mms and an average load on the second molar of 
300 N was equivalent to 277 sq.mms.
If the load on teeth is related to the area of support then the 
area of the periodontal support which, has been lost is an important 
factor when considering replacement of natural teeth by implants.
This lost support area can be calculated by assessing the area of the 
tooth roots which remain in the mouth compared to the average and then 
relating the surface area of the tooth roots in Jepsons Tables to the 
particular case. Watt et al related the support area of teeth to 
that of the support areas of the replacement partial dentures.
They first measured the periodontal area of 80 teeth which 
included 5 teeth of each type, in order to find the range and mean 
of the measurement. They then measured the area of the mucosa which 
would have to support the replacement prosthesis. They found that 
there was a large support deficit when dentures were constructed to 
replace missing teeth. In the mandible the deficit was found to be 
from 63 to 77% of the periodontal area. They also calculated the 
average area of periodontium which supported 10 N which was from 
between 12.6 sq.mm for an incisor to 15.5 sq.mm for a molar.
Finally Thylman et al reported from their tests with the 
gnathodynamometer that the force on teeth was found to be related to 
sex and age. They found that the tooth loads varied from 60 to 260 N 
in the female and from 112 to 356 N in the male. They reported
similar findings with regard to age although exact data has not 
been published.
The data which has been reviewed concerning the factors which 
affect the tooth loads will be used when assessing the implant cases. 
The factors which have been shown to be related are first the 
periodontal health of the tooth, which can be measured on a scoring 
system, based on the appearance of the gingival mucosa, the reaction 
to percussion, mobility or the depth of the pocket.
The review also shows that the support, area for the implant 
prosthesis will be an important factor. This support area consists 
of the area of the buried portion of the implant, the area of the 
natural teeth roots used for splinting and the area of mucosa upon 
which some types of prosthesis will rest. This support area can be 
compared with the support area of the missing teeth.
Some compensation factor must be added for age, sex and 
musculature whilst the type of opposing dentition will also be a 
factor for it has been shown that the load is related to the type 
of restoration. (Thylman et al and others).
The arbitrary assessment of the tooth load which will be made in 
the analysis of implant cases will thus be based on the work that 
has just been reviewed.
3.1.1
The different components of the tooth load
If the muscular force is resisted by a single tooth, as for 
example when biting on a pencil, the vertical load on the individual 
tooth can be calculated by treating the mandible as a lever and 
introducing the measured distance between the tooth and centre of 
rotation of the jaw. Calculations undertaken by Benaim (1967) which 
are based upon work published by Beanegeant and Thylman have shown 
that the vertical force in the molars could reach 220 N with individual
anterior teeth being subjected to loads of over 160 N. These are, or 
course, extreme loading cases and it is more important to observe 
that during mastication, the net force on a tooth varies in 
direction and magnitude and with the position of the tooth in the 
mouth. The relationship between the various force components which 
can act upon the tooth crown is shown in Fig.2, in which the 
vertical force to which reference has already been made is denoted 
by V. It should be noted that this force will not necessarily act 
along the axis of the tooth and will, in general, be offset by a small 
eccentricity y . In the general case when the occlusal force is 
inclined to the tooth axis the vertical force will be accompanied by 
as lateral component T, in the labial-lingual or labial-palatal 
direction, and a shearing component S in the meso-distal direction.
For any given occlusal force, vector addition of the lateral and
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shearing components will yield the total transverse force, H = T + S .
The significance of this transverse force lies in the height 
of its line of action above the too.th root, which will produce an 
overturning moment, and consequent rotation of the tooth, in 
addition to direct sideways movement in the direction of the 
applied force. Although the magnitude of the transverse force 
only reaches about one-fifth of the maximum vertical load the 
offset above the bone surface is sufficient to provide a substantial 
contribution to the total moment. Reference to Fig. 3 shows how 
the combination of the vertical and horizontal components of an 
occlusal force F induces an overturning moment at the bone surface 
given by
M = Hx + Vy c c
= F(x sinQ + y cos0 ) c c
Although the response to applied load may be different in 
terms of deformation behaviour, the principles of mechanics will
Figure 2.
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which case the vertical and transverse force components together 
with the moment induced by the occlusal force, must be balanced 
by the development of appropriate internal forces and moments 
within the material of mandible or maxilla. The typical arrange­
ment illustrated in Fig. 4 provides an indication of the complexity 
of the reactions required to equilibrate a simple occlusal force 
and shows how the mandible is subjected to a shear force combined 
with bending and tortional moments.
If it is assumed that bone is a linear elastic material the 
application of such external loads will be accompanied by proportion 
ate deformations which vanish on removal of the load, and it is 
possible to apply existing simple analytical solutions in examining 
the diffusion of the occlusal force through the supporting structure 
Although this procedure has been employed by a number of invest­
igators, notably Benaim, none of the studies include the effects 
of the local interaction between the tooth or prosthesis and the 
surrounding bone and for this reason are of little value in making 
predictions above the detailed pressure distribution around the 
interface where resorbtion problems are known to initiate.
3.2 Deformation of solid materials under stress
Elastic deformation
Elastic deformation occurs because of small shifts in the 
equilibrium of atoms due to external forces applied to the solid 
e.g. the implant. The shift is related to the strength of the 
binding forces between the atoms.
The elastic behaviour is only slightly affected by the previous 
treatment of the material because the response is related to the 
binding of the atoms and as long as there is the same crystalline
structure there is the same response. Similarly the response is 
unaffected by the previous deformation history except where there 
has been major realignment of the material.
. ' Displacement
If every particle of the body is displaced and no change in 
distance occurs between any pair of atoms there will be a rigid 
body displacement.
The displacement is usually a mixture of translation in which 
all particles move the same distance in the same direction and 
rotation occurs when all the particles rotate through the same angle.
i \
Plastic response
Plastic deformation in metals occurs in planes subjected to 
maximum shear. It is accompanied by energy dissipation but not 
necessarily heat. This type of response is non reversible and is 
sensitive to defects and impurities and affected by the previous 
history of the material.
3.3 A comparison between the natural and the implant tooth.
support structure.
3.3.1 The natural tooth support mechanism
A histological examination of the tooth and its supporting 
structures shows a number of principle features. Investigators have 
attempted to explain the histology in terms of function by recording 
the movement of the tooth in the socket during its different functions 
when the magnitude, point of application and duration of the load 
will vary.
The first principle feature of the supporting structure are
the collagen fibre bundles which suspend the tooth in a bony socket.
These fibres are orientated at an angle to the root and may be 
divided into a number of different groups of fibres, notably the 
oblique fibres which are attached to the body of the root and the 
crestal fibres which attach the root to the alveolar bone crest.
A feature of the fibres is the undulating appearance when unstressed.
A second feature of the supporting area is the complexity of 
the blood supply. The main vessels pass through the bony socket 
then run in grooves in the bone until they pass between the fibrous 
bundles. The vessels terminate in a profusion of capillary loops in 
the crestal region and near the cementurn surface. In the region of 
the apex the vessels are larger and venus sinuses have been observed.
The bony socket consists of a thin thimble of bone continuous
with the trabecular and cortical bone of the jaws. There are a large
number of foraminae in the socket.
In addition to the collagen fibres, blood vessels and alveolus 
there is also the root surface area which varies from person to 
person and from tooth to tooth. Jepson (1963) measured the surface 
area of extracted teeth roots and found that the root area of the 
single rooted teeth was between 155 and 275 sq.mm and the root area 
of the multirooted teeth were between 425 and 435 sq.mm. The 
different shapes and angulations of the roots are another feature.
The thickness of this periodontal membrane between the tooth 
surface and the alveolar bone socket varies from between 150 to 300 y. 
The membrane is bound together by a gelatinous ground substance.
A number of theories have been advanced to explain the structure 
of the supporting tissues. The collagen fibres could act as a 
variable rate spring so that when a vertical force is applied to the 
tooth it is depressed into the socket, at first quickly and then 
more slowly. As the tooth is forced downwards -the oblique fibres of
the membrane are elongated. At the same time the fibres may have 
a compressive function. The crestal fibres would resist the force 
in a horizontal, tangential and extrusive direction.
The complicated blood supply has however suggested that at the 
same time there is a visco-elastic effect similar to that which 
occurs when a plunger is forced down a barrel of a syringe. Thus 
blood and lymph fluid would be extruded from areas under compression.
There is also the possibility that under load there is a change 
in the intracellular substance in the membrane from a gel to a sol, 
possibly as a result of the liberation of hyaluronidase. '
Finally Picton (1965) and others as shown that the alveolus plays . 
important part in the function and when the force is increased beyond 
a certain maximum the alveolus is distorted, in addition to compression 
of the membrane space, and this distortion will be resisted by the 
supporting bone.
The loading of teeth has been studied in man and in animals 
using electronic transducers of movement. At rest Parfitt (I960) 
and others have shown that the tooth is in a relatively extruded 
position. Parfitt also showed that movements of the crown occur 
in a labial and lingual direction which are thought to be due to 
the pulsation of the arteries of the membrane. He showed that if 
a force was applied to the tooth of more than .15 N the pulsation 
ceased. Parfitt showed that these movements were increased with 
hypertensive drugs.
Parfitt then demonstrated that when small forces were applied 
to the tooth it was displaced. The amount of the displacement had 
a linear relationship to the magiitude of the force when the force 
was below .5 N.
Picton and Davies (1967) set the transducer at the level of the 
bone crest and found that the magnitude of the horizontal displacement 
was similar to that in the axial direction with the same force.
Muhlemann (1954) showed that if the teeth were ankylosed there was 
a very reduced mobility in the initial phase.
Picton and Davies found that an axial force dilated the 
alveolus. A horizontal force of 2.5 N was found to change the 
thickness of the membrane by 10% in monkeys. When the force is 
removed there is a fast initial phase followed by a slow final 
phase before the tooth returns to its original position. The first 
phase could be due to first the bone returning to the undistorted 
position and then the connective tissues. The final phases would 
relate to the filling of the blood vessels. Picton et al (1974) 
found that massage of the thorax of dead monkeys restored the 
intruded incisors to the unstrained position. This would suggest 
that the vascular has an important part to play in the recovery 
phase.
Whilst the magnitude and the point of application of the load 
are important the rate of loading and the repetition of the loading 
are other factors which have also to be considered. Korber and 
Korber (1967) and Korber (1971) found that there was a reduction in 
mobility from increased loading rates, 10 times the loading rate 
produced a 10% decrease in relative displacement.
Parfitt showed that repeated loading caused the tooth to be 
more retruded in the socket. Muhlemann showed that vigorous chewing 
increased the horizontal mobility.
The work of Muhlemann on ankylosed teeth and teeth which have 
been fixed in situ with formol saline is relevant to implant 
comparison for there is no periodontal membrane around these teeth 
and the effect is to reduce the mobility with little initial movement 
when force is applied and no damping effect. The loading of both 
implants and natural teeth would be the same except when the implant 
is splinted to a natural tooth and where the implant replaces more 
than one tooth.
3.3.2 The Implant Tooth support mechanism
The periodontal membrane of the natural tooth is an important 
part of the supportive structure which enables the loads on the bone 
to be diffused in the critical area.
There has been much speculation about the tissues around the 
implant at the interface and whether a membrane similar in structure 
and function exists around implants.
Azoulai (1970) has claimed that it is possible to conserve the 
periodontal membrane if extracted human or pigs teeth are used as 
implants. The teeth were immediately frozen in liquid nitrogen and 
after implantation into animals a true periodontal membrane was 
reformed in some cases.
There have been reports by researchers who have inserted 
plastic implants, Shklar et al (1966), Hodosh et al (1967) and (1968) 
that a structure comparable to a periodontal membrane has been noted 
although the fibres ran in a more vertical direction than around 
natural teeth.
Gross and Gold (1957) reported a periosteum like layer around 
vitaIlium screws in dogs.
However the histological examination of tissues around implants 
have shown that in the majority of the cases there was a fibrous 
layer of varying thickness.
Perron (1958) suggested that the fibrous tissue holds the 
implant steady and permits slight mobility during mastication.
Howell reported on an implant of Linkow (1970) that much of the 
fibrous tissue was probably functional and allows more movement 
than the natural tooth. Linkow (1970) reported that, in his opinion 
the fibrous tissue must not be too thick or bone will be prevented 
from regenerating round the implant.
Harris and Lossin (1971) noted the presence of thick 
fibrous tissue around titanium blades and screws which conformed
to the contour of the implant.
Babbush (1972) said that the thick fibrous tissue at the 
interface around metal blades was important to protect the bone from 
pressure necrosis. Both Perron (1958) and Zepponi et al (1959) and 
Johns (1974) pointed out the irregular position of the fibres 
around the implant, and Hamner et al Cl972) suggested that this was 
one of the causes of the failure of plastic implants.
The reports vary as to the thickness of the fibrous tissue, in 
fact some researchers, notably Armitage et al 0-971), have reported 
that the fibrous layer was absent around blades. The reports about 
the thickness of the fibrous tissue has thus varied in the reports 
from 900 p to zero.
The fibrous tissue sections have also showed the presence of 
fibroblasts (Hodosh (196 8 ) Harris (1969) ) and calcified tissue 
(Hamner et al (1972) ).
In general the sections from tissues around blade implants 
have shown less fibrous tissue (Harris and Lossin (1971) ) than those 
around screw type implants. The implant material also appears to 
effect the number of fibres for the non metallic implants made of 
carbon and ceramics appear to have a much reduced fibrous layer. 
(Mooney (1971), Young (1970) ).
The presence of porocity in the surface layers of the implant 
material appears to change constituents of the interface tissues which 
grow into the pores. There appears to be a mixture of fibrous tissue, 
fibroblasts, new bone and osteoblasts (Hodosh et al, Hamner et al).
Armitage et al (1971) using demineralised tissue sections, 
reported that the titanium implant surface touched the interface 
bone without the presence of fibrous tissue.
Johns (1974), using a microradiographic technique, reported a 
close adaptation of the bone to titanium blades in monkeys although 
some unmineralised tissue was present between the implant and the
bone. This tissue was orientated parallel to the implant surface.
The orientation of the collagen fibres as seen in sections of the 
tissues around blade implants in monkeys, reported by Johns, showed 
that the implants were not suspended by the fibres in a socket.
Picton, Johns et al concluded that force on implants was resisted by 
the compression of the connective tissue rather than by tension on 
the bundles and that the viscous element in the resistance to forces 
was small. The reaction to these forces would deform the implant, 
the bony socket and possibly the entire mandible.
Smith (1963) reported the presence of a pseudomembrane around 
and within porous ceramic implants impregnated with epoxy resin.
The fibrous and bone tissues replacing the epoxy resin which had 
been leeched away at the surface.
Reports by Mooney (1971) suggest that there is no fibrous 
tissue between carbon implants and the bone. Similarly reports 
concerning ceramic tissues by Young (1970), Klawitter and Hulbert 
(1972) indicate that the fibrous tissue layer around ceramic 
implants is much smaller than around metal implants.
Barri (1958) reported that the injection of Hormones reduced 
the size of the fibrous layer.
In general it would seem that the fibrous tissue around an 
implant is different from that around natural teeth, and that the amount 
of fibrous tissue varies from material to material and case to case. . 
It must be surmised that the effect of this tissue is compressive 
in nature rather than acting as a variable spring. The variable 
thickness may be due to different reactions to the material and to 
stress.
The blood vessels of the tissues around implants have also 
differed from those around natural teeth. Zepponi et al (1959) 
reported that blood vessels were sparse in the immediate interface 
tissues but that there was a layer of tissue rich in vessels outside
outside the fibrous layer. Collins (1953) reported that the blood 
vessels become reduced in the interface tissues around implants over 
a period of time.
The alveolus around the implants has some similarities with 
that around natural teeth.
Johns reported that the bone support structures around implants 
inserted into monkeys were thickened in some cases in lower aspects 
which would increase the support against vertical forces.
Pasqualini (1963) buried several different implant shapes in 
dogs, he found that the bone grew close to the periphery of the
implants to outline their shapes.
1 .Mooney et al (1971) found that the shear resistance to
separation was greater when implants were grooved.
Johns noted that bone does not appear to form close to the 
neck of the implant. This conclusion has not been a feature of the 
reports of other investigators. Obviously the question must then be 
asked 'which factors produce this absence of bone close to the neck 
of the implant?' Is the design of the area of the neck related to 
the deposition of bone or the type of surface, the material, the 
stresses on the implant, the oral hygiene, the degree of mineralisation 
of the bone, and the trauma on insertion.
The reduced blood supply would suggest that the visco-elastic 
reaction to stress would thus appear to be absent or considerably 
reduced. This would suggest that the implant acted as an ankylosed 
tooth with reduced mobility and deformation of the implant when stress 
was applied. This has been shown by Picton, Johns et al (1974) 
using a spring steel transducer incorporating a metal foil strain 
gauge to apply force in a controlled direction, magnitude and rate 
to a titanium blade implant which has been in situ in a money for 
18 months. They wished to compare the way the implant responded to
loads compared to the natural tooth. First an intrusive force of 
0-8 N was applied with an almost negative displacement. Then a 
horizontal force was applied to a magnitude of 6 N. The two phases 
of tooth mobility were not present and the displacement was 
proportional to the force applied. Under a sustained load there 
was a small amount of creep. Abrupt removal of the force showed 
a fast linear return with only a minor viscous phase.
In the laboratory using a similar implant they demonstrated 
an elastic displacement under a force of 0 to 6 N. They concluded 
that a substantial part of the displacement was due to the metal, 
and that an implant was functionally similar to an ankylosed 
tooth.
In addition to the connective tissue layer, the blood supply 
and the alveolus there are additional factors which affect the 
function of the supporting structures of the implant when a load 
is applied. The factors are: the type of bonding between the 
tissues and the implant surface and the shape of the implant.
The bond between the implant surface and the 
innermost layer of the interface tissues
There is a biological connection between the natural tooth and 
the tissues. The strength of the connection between the implant 
and the tissues will be a factor in the load bearing efficiency.
The early work of Trainin (1954), Chercheve (1965), Zepponi 
et al (1959), Gerschkoff and Goldberg (1957) and Perron (1958 
referred to the adherence of the connective tissue layer covering 
the implant and called this layer the epithelial cuff. Hamner et al 
(1970) suggested that the epithelium around the neck of the implant 
adhered to the surface after a manner of ivy. Herschfus (1954) 
observed that the epithelium around the neck had a different 
structure to that of the gingival mucosa. Pasqualini (1963) found
that there was a closer seal in hollow implants.
Gross and Gold (1957) noticed a periosteum like layer 
surrounded the metal laminae of screws in dogs jawbones.
Ciriello and Toldo (1958) concluded that the tissues adhered 
at the neck of the implant.
A pathologist Howell (1970) noted that there was an extension of 
the crevicular epithelium around implants and he noted that the so 
called fibrous cuffs are often a problem with implants because it 
became infected. He further noted that the tenacity of the 
fibrous tissue away from the crevicular area was remarkable. He
had also observed this feature around wires and pins.
1 In 1960 Mack investigated the passage of tissue fluids into a 
healthy tooth socket and compared this passage with that around an 
implant post by injecting a 20% solution of Sodium Fluorescein.
He found that the amount of fluorescein in the implant pocket was 
the same as around the natural tooth. The experiment was repeated 
at Harris and Lossin (1971),using this time tetrocycline,which 
showed no increase in fluid flow around implants which would have 
denoted an inflammatory condition.
Johns, using a microradiographic technique, reported that a 
small space existed between the surface of titanium blades in 
monkeys and the interface tissue.
The adhesion of fibrous tissue to the implant surface has 
been studied by James and Kelln (1974) using a special staining 
technique (PAS) which has identified the intracellular and 
extracellular substances which are present in the gingival crevice 
around natural teeth. Periodontists have demonstrated that the 
cells of the junctional epithelium attaching the gingival mucosa 
to the enamel are actively synthesising protein and mucopolysaccharide. 
The presence of mucopolysaccharide can be determined by the PAS 
method of staining. James and Kelln (1974), using this stain
reported that, within 3 weeks of the insertion of pin implants in 
dogs, a PAS positive layer was identified at the base of the 
epithelial cuff similar to that around the natural tooth. The 
tissues at the bone interface were considerably less PAS positive. 
This would indicate a strong bond between the mucosa and the 
metal and a weaker bond at the bone interface. In addition James 
and Kelln found that there was a tearing of the tissues when the 
implant was removed and that the orientation of the fibres was 
perpendicular to the implant surface. They repeated their 
experiments on dogs using anchor blades and found similar effects 
which were confirmed by the abrupt termination of the bacterial 
pl'aque at the level of the termination of the strong PAS positive 
layer. Finally, they demonstrated an oracine positive band at the 
interface which indicates a form of adhesion. These experiments 
suggest that some form of adhesion exists between the metal and 
the fibrous tissues, that epithelium does not grow round the 
implant, and that the fibres around the implant were orientated in 
a similar direction to the natural tooth, which is a different 
conclusion from that of other workers.
There have been reports which have suggested that the surface 
finish of implants is important. Mack (1960) felt that the 
surface of metals should be sandblasted to promote tissue adhesion. 
Driskell et al (1970) suggested that ceramics with a rough surface 
would form a more tenaceous bond.
Hirschhorn et al (1971) reported that the appearance on 
microscopic examination of interface tissue structures around 
titanium implants was related to the surface finish and the density 
of the material and the average pore size. He reported that a 
66.1% density implant in rabbit muscle was encircled by a red 
stained membrane whilst a 38% density speciman in dog bone for 
49 days showed bone trabeculae in contact with the metal and bone
trabeculae and fibrous tissue in the pores. When an 85% dense 
implant was used there was no ingrowth.
Hulbert et al (1971) suggested that the adhesion of the implant 
material to the interface tissues was related to the wetting 
properties of the materials i.e. the extent to which liquids spread 
over the solid surface and the adherence of these liquids to the 
solid. They found that 0^ and TiO^ had high wetting properties
before and after exposure to blood in the laboratory.
Hench et al (1971) following the implantation of glass ceramics 
in rat femurs noted the preferential alignment of the collagen
fibrils parallel to the surface of the implants suggested that
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collagen was interacting with the PO^ groups m  the glass ceramic
so that there was a direct covalent ionic bond attached both to an 
organic constituent of the bone and the cation or oxygen ion surface 
of the ceramic.
In recent years a number of investigators have reported that 
if the surface porocity of metals has been increased more ingrowth 
of material has been seen on tissue examination. Young (1972) 
has reported on the implantation of titanium with a solid core and 
a porous surface. He found that, within a period of 3 months, bone 
and fibrous tissue was present in the surface layers.
Young suggested that the surface area of contact and the 
mechanical retention would be increased by tissue ingrowth. He 
found that the pore size was determined by the size of the calcium 
carbonate particles. However the greater the pore size the less the 
compressive strength of the material. Young measured the compressive 
strength of ceramic materials of different pore sizes which ranged 
from 50 y to over 100 y. The compressive strength of most porous 
material was a third of the strength of the least porous material.
There has also been reports about the advantages of more porous 
ceramic implant materials. Hamner and Read (1972) reported that the
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ingrowth when ceramic teeth were implanted in dogs and babboons.
Ingrowth into the surface of the material has also been 
claimed as an advantage for the implant support by Hodosh et al . 
(1964, 1967 and 1970) using plastic material in rats, baboons, dogs 
and monkeys.
They found that when channels were cut into the plastic roots 
the spaces were filled with connective tissue and osseous bridges
i
which appeared to improve the stability. In baboons the rate of 
success of the implants was reported at 90% in over 200 implants. 
Taylor and Smith (1972) reported the improved retention
in methyl methacrylate implants when the porocity of the material
*
was increased. They found that when a fine pore material of below
50y mean pore size was used there was an initial penetration of 
' 1 ‘ 
connective tissue elements but this was only temporary. When,
however a course grained material was used, with a mean pore size
of over 300]i, good fibrous tissue and vascular penetration was
found which lasted for the period of the experiment i.e. up to
60 days.
Hahn (1971), Galante et al (1970) and Hirschhorn (1972) 
have reported the presence of similar bone ingrowths when the 
surface pore diameter was 300y. The fibrous tissue sheath present 
around metal implants was less obvious and some bone cells have 
appeared to be in direct contact with the metal. Nilles and 
Lapitsky (1973) have measured the shear strengths of the bone 
porous material interfaces on cylinders forced out in compression. 
Shearing was reported to have taken place within the metal in 70% 
of the cases and the shear stresses had doubled within 6 weeks. 
However the porous metal is initially a weaker material with a 
greater tendency to corrosion and the properties of the ingrown 
metal will be different from the properties of the solid metal.
In addition, not all the pores are filled with bone whilst mature 
bone has been found only in the surface layers of the porous section.
The results suggest that the effect of the ingrowth is to change the 
elastic modulus of the material so that the modulus becomes nearer 
to that of bone and thereby reducing localised stress concentrations.
However, the inherent problem of porous materials is the initial 
reduction of strength until the pores are filled with bone. The 
degree of mineralisation, i.e. ingrowth of bone, is never complete.
It would seem therefore that there may be more than one type of 
bonding mechanism between implant and the tissues. There are three 
types of bonding which could occur: physical, mechanical and chemical.
The physical type of bond e.g. magnetic has been little discussed in 
this connection. The mechanical bond would be formed by the growth 
of bone up to the shape of the implant and by an ingrowth of tissue 
into the surface of the material. A chemical bond could be formed 
if some substance was secreted by the fibrous tissues which attached 
itself to the surface of the implant. Finally a chemical bond could 
be formed directly between ions from the surface of the material and 
the tissues. Phosphate, Hydrogen and Oxygen ions from ceramic and 
carbon materials would be the obvious possibilities for such, a bond.
All the evidence however suggests the predominent bond is
mechanical v related to the implant form, material and type of porosity.
It is the difference in the geometric form which will be 
investigated in this study.
3.3.3 THE GEOMETRIC FORM OF THE IMPLANT .
The geometric shape is an important factor in supporting 
the implant. In the first instance the implants were of a form which 
was as near as possible to that of the tooth root. However the absence of the 
periodontal membrane and the variability in the results caused many 
implant designers to abandon the tooth form and seek shapes which
wouia provide a maximum .01 mecnani.cai retention and load diffusion 
and use all the available bone. At the present time however, there 
is a tendency to strive for a mechanical and chemical bonding by 
tissue ingrowth rather than changes in the geometric form.
Hodosh has reported that the tooth replica implants have been 
successful in monkeys and baboons and also in human patients. His 
success rate of 90% in over 200 implants in baboons and 95% in over 
50 humans a s - impressive but when others have tried to duplicate 
the experiments, notably Hamner et al, the results have not been as 
good. Hamner reported that five out of twenty one sites developed 
osteomyelitis but he thought that the material, Polymethylmethacrylate, 
was the cause rather than the form.
Driskell et al (1970) however found that tooth roots of ceramic 
materials were successful in rhesus monkeys if some form of 
temporary splinting was used in the first x^ eeks and there was a soft 
diet for two days.
Many workers in the field felt however that the difficulties 
of insertion and the uncertainty of the results when tooth root 
replicas were used, made it important that some form of immediate 
mechanical retention be included in the implant design. Tramonte 
(1964) and later Sandaus (1968) advocated the use of screws which 
had the advantage, with proper instrumentation, of a precise 
technique of insertion. The grooves in the bone either made by a 
bone tap or by the implant itself provided immediate mechanical 
retention. The clinical experience of the author has been that the 
screw shape is only successful when a depth of over 10mm and width 
of 5mm of bone is available and utilised to the full. Only 21 out 
of 42 screws were considered satisfactory in the author's cases.
The lack of available sites for screws brought a new design, 
the pin, into prominence.
Scialom (1963) advocated the pin which was retained initially 
by the close approximation of the bone over the depth of the

cylindrical shape and the anchorage of the pin in cortical bone 
at the tip. Scialom then achieved further retention by angulating 
the pin across the bone and by joining a number of pins together.
Whilst the pin complex provided immediate retention the 
possibility of deterioration of the material uniting the pins, the 
difficulty of fixing the tip of the pin in the thin cortical bone 
of the maxilla, and the possibility of vertical loosening of one or more 
pins has limited the use of this type of implant. In the authors 
cases only 58% of 132 pin complexes were satisfactory over a period 
of up to seven years.
The pins however, because they could be angulated, have the 
advantage of using the available bone.
The next development in implant design came when Linkow (1970) 
advocated a wedge type shape, the blade. The retention of this 
shape was first produced by the elasticity of the bone following 
insertion.
Linkow (1971) has reported that if the smooth surface of the 
blade was grooved the retention was increased by 22%. He reported 
that the blade shape had a number of advantages, namely, the greater 
resistance to lateral and occlusal forces, the greater number of 
available sites because the immediate retention does not rely on 
depth, the blade can be inserted in certain porous areas and in . 
knife edged ridges.
The author has found that 66% of 108 blades were successful in 
four years and that attempts to reduce the quantity and quality of 
the bone site below 7 to 8 mm of depth and 5 mm of width of good 
quality bone were not successful.
In addition to the immediate mechanical retention>the form of 
the implant has also been modified so that further retention can be 
obtained when tissue grows over, up to and through the implant during
the repair and reconstruction stage. The hollow spiral implants 
of Formaginni (1958), Chercheve (1965), Muratori (1969), were shown 
on examination by Zepponi et al (1959) and others to have an in­
growth of connective tissue but there is no evidence that this 
ingrowth was an advantage.
The work of Pasqualini (1963) and Babbush (1972) has shown 
that bone bridges grow through holes in blades and the bone grows 
round this type of implant taking its shape. The bridges of bone 
would prevent the vertical movement of the implant. However the 
author has found that when a blade becomes loose and has to be 
removed in no case has bone bridges been present and made the 
removal of the implant difficult.
The retention of implants has also been increased by attempts 
to anchor the implant on as many sides as possible to the cortical 
bone. Pasqualini (1965) and Bello (1965) have modified the design 
of implants to connect the body of the implant to the inner and 
outer plates of bone, whilst the pin implant attempts to anchor 
the implant at both ends in cortical bone.
Hodosh et al and others have investigated the possibility of 
a two phased implant e.g. metal covered by plastic. They have 
reported improved attachment on the tissue to the implant.
Finally attempts have been made to include some form of spring 
in the implant crown (Taylor (1970) ) and the use of teflon cylinders 
over pin implants has been widespread with favourable results (Ackermann 
(1966) ) although it is difficult to isolate this factor to study 
its effect.
It would seem from this review of the different forms of 
endosseous implants that the geometric form is a factor which needs 
to be investigated because of the absence of precise data. This 
aspect will be studied in this thesis.
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and in the material of the implant.
In addition to changes in geometric shape of the implant 
attempts have also been made to reduce the forces applied to the 
implants by splinting to natural teeth and to other implants, thus 
sharing the load.
The load is also reduced if the opposing dentition is a 
denture or if the prosthesis fitted over the implant is also 
supported by the mucosa.
The splinted implant can appear firm on examination but in 
reality it might be overloaded and mobile. Thus splinting can, 
for a time, disguise the failing implant which would result in the 
gradual deterioration of supporting tissues of the natural teeth 
used for splinting with loss of bone.
Linkow (1970) has advised that all implants be splinted and 
that all the natural teeth in the arch be utilised x/here possible.
Another important factor about which little has been written 
is the height of the restoration over the implant. The greater the 
loss of bone the greater the height of the prosthesis which must 
be constructed to restore the occlusion. Unfortunately this 
increased height also results in an increased moment acting on the 
implant.
The effect of splinting and the opposing dentition and the 
tooth height will be assessed when the clinical cases are examined 
in the thesis. The effect of varying the height of the implant 
tooth will be studied in the laboratory experiments.
CHAPTER 4
THE IMPLANT AS A LOAD BEARING STRUCTURE (2)
THE FUNCTIONAL IMPLANT. THE PREDICTION OF IMPLANT PERFORMANCE.
4.1. The functional implant in animals
Experimental work on animals is difficult because of many 
factors, namely: the habits of the animal cannot be easily 
controlled, the expense of each animal precludes the use of large 
numbers, particularly of primates, the oral hygiene of the animal 
cannot be controlled, the animals are generally sacrificed within 
comparatively short periods of time and tooth forces can be greater 
than those acting upon human teeth. Data from these experiments 
concerning assessments of loads on the implants is sparse although 
such data is important because the loads upon the implants varies 
considerably with the type of animal, the food which is provided, 
whether the implant is out of occlusion, the surface area of the 
occlusal surface, and the splinting of the implant.
Similarly data concerning the implant site is sparse i.e. the 
dimensions of the site, the degree of mineralisation and details 
of the cortical layer.
Furthermore little space is devoted to the diagnostic 
techniques i.e. the reason for the selection of the implant into 
a particular load/site configuration. The exact dimensions of the 
implants are not usually stated in the reports.
Thus it is difficult, when such literature is reviewed, to
assess the relation between the magnitude of the loads and the 
future performance of a particular design of implant in different 
sites.
The big advantage of this form of research is that at any 
preselected date the animal can be sacrificed and the interface 
tissues examined histologically.
4.1.1
The assessment of implant performance in animal experiments.
Aids to such an assessment are radiographs which can be taken
at constant intervals, mouth examination to measure the pocket depth 
around the implant and to assess the condition of the gingival 
mucosa and mobility tests. The results of tests can be compared 
to the results of tests taken at the time of insertion of the implant.
Hodosh et al (1970) reported the results of experiments with
plastic implants inserted in dogs, monkeys and, in particular, 
baboons. Baboons were the optimal choice of animal, they suggested, 
because their physiology and immunalogical response was similar to 
humans and the occlusion was reasonably similar except in the long 
cuspid region. The baboon is also a vegetarian and a meat eater 
on occasion. The disadvantages of this and other animals were that 
the occlusal forces were powerful, good hygiene was difficult to 
maintain and the animals habits may be destructive, such as trying 
to chew the bars of the cage.
The implants were splinted for long periods with occlusal 
wire, plastic or by a vitallium pin inserted through the implant.
With baboons the rate of success of more than 200 tooth 
replica implants was 90%. Implants which failed, appeared to do 
so immediately. Failures, they suggested, were due to severe 
trauma to the implant site caused by the animal habits and the 
occlusal forces.
They reported that pins covered by polymethylmethacrylate 
were more successful in animals than metallic pins because of the 
greater adaption of the plastic to the tissues.
However Hamner et al (1972) reported that 5 out of 21 plastic 
tooth replicas developed severe inflamination'and osteomyelitis in
4 different baboons within 22 weeks to 3 months following the 
implantation of plastic implants. The cause, they reported was 
the possible leeching out of free monomer.
Retention was improved by drilling holes in the plastic and 
by fixing the implant with a metal pin. However inflammation of 
the interface tissues had occurred in the majority of cases x^ithin 
12 months. Young (1972) reported that ceramic implants were 
partially successful in mongrel dogs. He found that only the 
implants which x^ ere first buried in the bone before the croxrei was 
affixed were successful and all the tooth root implants failed in 
6 months.
Harris and Lossin (1971) reported the results of implanting
5 chrome cobalt blades and 13 open spirals, 2 solid screws and 7 
blades of titanium into 9 dogs.
They reported that the dogs were given a diet of a hard dog 
food. All the implants were in a position where opposing teeth 
could be used during chewing.
The implants remained in position for from 3 to 67 weeks.
Three implants, a titanium open spiral, a chrome cobalt alloy blade 
and a titanium blade were removed because of mobility after 9 weeks, 
3 weeks and 3 weeks respectively.
They reported that the failures vrere all in the maxilla and 
the cause was probably the inadequate bone support i.e. poor sites.
Another open spiral in the maxilla was slightly loose at 
recovery and one of the chrome blades was protruding l|mm through 
the gingiva for the last 20 weeks. However around 16 of the 29
implants there was some resorbtion of the interface bone. This
resorbtion started at the alveolar crest.
Babbush (1972) inserted 8 blade implants into dogs for 6,9 
and 12 months. He selected the length and width of the blade by 
means of clinical and radiological measurements. There was no 
apparent mobility of the implants at the time of removal. All the 
implants were splinted to adjacent teeth by stainless steel wire 
and acrylic.
Johns (1974) implanted 14 blades into 4 monkeys for periods from 
1 week to 18 months on a diet of fresh fruit and vegetables and a 
proprietory compound pellet and water. The implants were placed in 
the lower mandibular region. Johns noted that as no intra- oral 
prosthesis was fitted and as the abutments were small in size the 
forces during mastication and swallowing were very limited.
The presence of inflammation, the depth of the pseudo gingival
sulcus and the degrees of mobility (by applying digital pressure) of
each implant were noted.
All the implants fixed in position with acrylic cement failed 
within one month.
One implant remained in situ for 537 days and 5 other implants 
from periods of 1 week to 18 months. At the end of 537 days the 
implant was firm with a healthy gingival mucosa and a pocket depth 
of 2mm.
Dorns (1971) inserted 5 pin tripods, 3 in a dog and 2 in a monkey 
to investigate the results of using different techniques of insertion 
and placement of the pins. He first inserted three tripods in the 
lower incisor region of the mandible. The first tripod was inserted 
with the pins divergent and across the bone using the best surgical 
techniques which attempted to insert the pins with a minimum of 
trauma. This implant,which was unsplinted, was successful for 
an unspecified period. The second tripod was inserted with the
pins close together and the third tripod was inserted with the 
maximum speed giving the most trauma and heat. Within weeks the 
second and third tripods had failed due to mobility and an 
inflammation of the interface tissues.
He next inserted two tripods in a monkey in the lower incisal 
region. One tripod was correctly inserted but with the pins 
protruding out of the gingival mucosa to an extent which produced 
a malocclusion. This implant failed in 2 weeks. The other implant 
inserted and trimmed to the correct occlusion was successful for 
two months until the animal was sacrificed.
Summary
A number of conclusions can be made from these animal experiments. 
In the first instance a review of the literature shows that endosseous 
implant are successful as load bearing abutments in certain load/site 
configurations. Success has been judged in terms of appearance of the 
gingival mucosa, the depth of the pocket, and the absence of mobility 
as well as a healthy tissue structure. The difficulty is to quantify 
the load/site combinations which are successful. However there are 
a number of causes of failure. First there is the overloading of 
the implant, then the production of excessive heat and trauma during 
the insertion of the implant. Finally there is the modulus of the bone 
site for implants in the mandible are more successful than in the 
maxilla where the cortical shell is thin and the cancellous bone has 
a different modulus.
It would appear that a major problem is to assess the case in a 
scientific manner, an area which will be covered in this thesis.
The report that resorbtion first starts at the alveolar bone 
crest suggests that the maximum stress concentrations occur in this 
area and this will be tested in the laboratory experiments. The data 
from animal experiments does not include long term effects of implant 
loading.
4.2. Functional implants in human patients
A large number of implants have been inserted into human patients. 
The methods for the assessment of implant performance will first be 
discussed and then the data from the reports of these clinical trials.
4.2.1 Methods for the assessment of implant performance in human 
patients
Radiographs, taken at constant intervals, can be used to show 
the changes in the height of the bone crest, changes in minera­
lisation of the cortical bone at the crest and to a lesser extent. 
resorbtion in the cancellous bone although the resorbtion has to be 
considerable before the appearance of the radiograph changes as will 
be shown later in the thesis.
One problem in the use of serial radiographs is that they must 
be taken from the same angle with some form of holder such as 
described by Taylor (1970) who also described the use of x-ray 
graphs which were placed in front of the film and produced a 
measuring grid on the radiograph.
The mobility of the implant can be examined at intervals if the 
prosthesis can be removed so that any loosening of the implant can 
be noted.
A further aid to assessing the progress of the implant is 
constant examination of the mouth which x^ ould include measurement 
of the implant pocket, assessment of the condition of the gingival 
mucosa and assessment of the condition of the adjacent teeth 
particularly those teeth splinted to the implant.
The patient can be given instruction in oral hygiene and the. 
standard of cleanliness can be noted on examination.
One big advantage in clinical tests is that the patients 
co-operation can be obtained so that information about the health 
and eating habits can be obtained. Similarly information about the 
patients symptoms can show if the implant is deteriorating e.g. bad
odour around the implant, bleeding of the gingival mucosa and any 
loss of function.
Changes in the patients health and stress which could be caused 
by habits such as bruxism can be noted.
4.2.2 Reports of clinical trials
The largest report of clinical trials has come from Linkow and 
Chercheve (1970). They inserted over 2000 implants into human 
patients over a period of 15 years.
They reported that an important factor for success was the 
general and oral health of the patient and a balanced occlusion.
They reported that radiographic examination was important for the 
depth of the site determined whether the implant should be sub­
periosteal or endosseous and the mineralisation determined the 
design, and measurement determined the width. Linkow reported 
that the only implant successful in the maxilla was the blade 
because pins and screws loosened as they were unable to resist the 
natural forces and subperiosteal implants have insufficient support 
after the alveolar bone has resorbed.
They concluded that screws and pins should only be used in 
the mandible when there was more than 5mm of bone depth and post 
implants needed a greater width of bone than the blade.
No data was presented about the function implants such as 
serial radiographs, mobility tests and pocket depths.
They concluded that an implant borne prosthesis must be supported 
by natural tooth abutments to eliminate excessive lateral movements 
and torsion on the implant. Linkow suggested that the blade implant 
shape offered a number of advantages namely: more resistance to 
lateral and occlusal forces, improved retention, holes in the implant 
for tissue growth, the narrowness of the width induces faster healing 
of the bone and the wedge principle of retention simulates osteogenesis,
mineral sacrifice of alveolar hone for msertron, less possibility 
of endangering anatomical landmarks, more widespread use than other 
implants because the blade requires reduced site depth and width, 
little opportunity for epithelial invagination, insertion more simple, 
the blade can be used in some porous areas and knife edged ridges 
(p.470), the neck can be bent, the implant can be used across an open 
socket and because this design is strongest.
They explained the causes of failure were, in the first instance, 
because many of the earlier designs were unsuitable and because 
operative techniques had not been perfected. They emphasised the 
importance of the health factors and suggested the poor site selection 
was another important factor in implant failure.
Taylor (1970) classified the type of cases which could be treated 
by endosseous implants. He divided the cases into 8 classes as shown 
in Table 3.
Table 3. Classification of Implant Cases
Class 1. Unsplinted replacement of a single tooth
(a) immediate and (b) subsequent replacement 
when healing of the socket had been completed.
Class 2. Splinted replacement of a single tooth 
(a) immediate and (b) subsequent
Class 3. Unsplinted replacement of two or more teeth.
Class 4. Anterior free end saddle (more than one tooth 
missing (a) Single implant (b) multi-implant.
Class 5. Posterior free end saddle (more than one tooth
missing), (a) single implant (b) multi-implant.
Class 6. Intermediate abutment.
Class 7. Full arch fixed reconstruction
(a) some natural teeth (b) edentulous.
Class 8. The implant denture. •
(a) with some natural teeth and (b) edentulous.
Taylor also underlined the importance of general and oral 
health and reported that there were 6 categories of patients who 
might require implant treatment. In the first category were 
patients who had a specific problem following the failure of previous 
treatment. The causes of failures were anatomical e.g. loss
of alveolar bone or a flat palate.
The second category consisted of patients who had been treated 
successfully in the past and required further treatment e.g. the : 
replacement of a loose denture. The third category was the new 
patient who required treatment to replace a missing tooth or teeth. 
Another category was the patient with a particular problem such as 
a’musician. Finally there are the emergency patients e.g. following 
an accident.
Taylor reported that the pin implant had a number of advantages 
such as the fact that the pin terminated in cortical bone, 
bypassed anatomical obstructions, could be used unsplinted in certain 
single tooth replacements and it caused little loss of bone.
He reported that the use of the unsplinted pin tripod was 
difficult and the occlusion was an important factor. He found 
15 to 20% of the cases treated showed some evidence of resorbtion 
at the end of the first year. The splinted replacement of the 
single tooth was a successful procedure as was the free end saddle 
case.
He found that the intermediate abutment was most 
successful and the importance of three or more teeth per quadrant 
was emphasised with full arch reconstruction cases. He reported 
on between 250 and 300 cases treated over a period of 4 years.
Four cases of serial radiographs were shown. Further details of 
some of these cases are given later in the thesis in chapter 7.
Sandhaus (1969) presented 20 case reports of ceramic screw 
implants. He concluded that the implant should only be used as a !
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the implants by splinting to teeth and in many of the cases the 
prosthesis utilised the mucosa for additional support.
Chercheve (1965) reported on the success of the implant denture 
in the edentulous mandible where the load was shared between the 
implants and the mucosa.
Weiss (1972) reported on the results of 142 implants inserted 
between 1954 and 1971. However the majority of the implants were 
subperiosteal frameworks. The results reported from the endosseous 
cases showed that there was no obvious relationship between the age 
and sex of the individual and the implant performance. The failure 
rate of open spiral implants was high, 18 failed out of 27 implants
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mostly within the first year, in spite of the fact that the majority 
of the implants were splinted to natural teeth. Another 5 were 
lightly mobile after one year, although splinted. The four success- 
ful implants were splinted to standing teeth except for one single 
tooth implant. The successful time period ranged from 2 to 13 years 
Much better results were obtained with pin implants, 103 pin tripods 
(3 implants) were inserted and the results showed that 30 were 
removed and 12 were doubtful. The failures with the pin implants 
were not as immediate as with the spiral implants. The majority 
of the failures were single unsplinted tripods or implant tripods 
splinted to other tripods. The successes consisted of 19 splinted 
and 42 unsplinted pin tripods over a period of 6 years.
Finally reports were given on 6 blades but the numbers were 
too few for analysis. The majority of the successful implants 
were abutments for fixed bridges.
Weiss commented on the results that failures were generally 
noted at an early stage and that some failures could be due to 
errors in patient selection and others due to technical errors in 
the prosthesis. He reported that endosseous implants should be
longer than the natural tooth root and splinted to natural teeth
where possible. Despite the successes of some unsplinted, cases, 
he concluded that such cases should only be attempted when the 
occlusal relationship was particularly favourable. Weiss (1971) 
reported that with blades the crest of the alveolar bone 
must be sufficiently wide, there must be adequate vertical height 
and the cancellous bone must be of a compact structure.
Leroy (1971) reported on the results of implantation of 
endosseous pin implants in 389 patients by 22 dental surgeons over 
a period of 5 years. These surgeons had varying experiences of 
implantation at the start of the trials with only 6 of the operators 
having the experience of more than 20 cases. The ages of the patients 
varied from 13 to 91 years and the sex was equally divided between 
male and female. Thirty three implants out of 389 implantations 
were removed in this period. They reported that there appeared to 
be a relationship between some of the failures and the time that 
had elapsed between the extraction of teeth and subsequent 
implantation. The failure rate more than doubled (8% to 19%) when 
the implants were inserted under three months after an extraction.
They reported a higher failure rate with the implant dentures than 
with fixed bridges.
It would appear however that failures were documented as the 
removal of the implant rather than resorbtion of the interface 
tissues.
Azoulai (1970) reported on the results of the implantation of 
40 heterographs of pigs teeth, following freezing in liquid 
nitrogen. He said that the implants were still functional in 
2 years. When 40 human teeth were implanted into other donars in 
a similar fashion the failure rate was 20% in 1 year, 40% in 2 years 
and 60% in three years. He reported that the oral hygiene of the 
mouth, the health of the patient were important factors but the 
age of the patients did not seem to relate to success.
Linkow et al (1970) reported that the causes of failures were, 
poor designs of implants, wrong selection of patients and poor 
operative techniques. The health of the patient was emphasised.
They reported that the site of the implant must be carefully chosen , 
so that the implant can be completely buried. They suggested that 
where the implant height was less than 5 mm and when the width was 
narrow only blade implants should be used.
Chercheve (1965) reported that causes of failure were 
general health problems and problems with the material of the implant. 
He also reported that there were a number of local causes such as too 
shallow an implant, too few implants inserted, and the incorrect 
spacing of the implants. There were also, he reported, faults with 
the prosthesis which caused failures such as malocclusion.
The final reports which have been reviewed were the case 
reports of a group of dentists led by Cranin who measured the levels 
of the bone crest in relation to the implant, the depth of the 
pocket and assessed the condition of the gingival mucosa. Cranin first 
reported in 1970 on the performance of over 150 implants during 
a period of 7 years. He used the criteria of satisfactory, poor 
and removed which he has explained as clinically satisfactory, 
retained in the mouth but having a poor prognosis and failures, 
respectively. He reported 4 times as many failures with free end 
saddles as intermediate abutments. His results are shown below in 
Table 4.
TABLE 4.. CRANIN* S RESULTS 1970
Type Implants Satisfactory Poor Removed Time . 
inserted
Spiral 81 39
Pin 67 45
Blade 2 100%
19 23 16 mths - 7 years
6 16 18 mths -'5{ years
1 year.
The success figures of 100%. 70% and 49% for blades, pins 
and spirals, whilst encouraging, did not contain data which will 
establish specific parameters and the blade results can be discounted 
By 1973 Cranin had introduced a new design, a modified blade, 
the anchor. He reported that in a 3 year period 260 anchors were 
inserted and 19 were removed. In 1974 a report of 272 implants was 
published relating results to resorbtion. The different levels 
of the surface bone were given a class number as follows 
Class 1. No change 
Class 2. Slight change
Class 3. Gross loss of bone which exposed part of the 
implant infrastructure.
Class 3 was considered unacceptable. The results are shown 
on Table 5.
TABLE 5. CRANINfS RESULTS 1974
Under 12 months Over 12 months
Total 
No.
Rad.Rating 
1 and 2
Rad.Rating 
3 to 6
Rad.Rating 
1 and 2
Rad.Rating 
3 to 6
Anchors 104 28 4 36 36
Blades 53 1 1 14 37
Pins 36 o 0 18 18
Transo- 
steals 19 8 3 5 3
Spirals 60 1 12 9 38
Conclusions
The clinical trials on human patients have the advantage over 
the animal experiments that the reports relate to a considerably 
larger number of implants over a longer period of time. Thus the
Linkow and Chercheve report on over 2000 implants inserted over a 
period of 15 years can be compared to the report of Babbush who 
inserted 8 implants into animals for a period of up to 12 months 
although Hodosh et al have inserted over 200 implants in animals. . 
However the data from these clinical trials is concentrated upon 
the preoperative and operative stages, and is often incomplete in 
particular in relation to the performance of the implant although 
this may be due to the failure of the patient to return for 
re-examination at constant intervals due to satisfaction with the 
performance of the implant and on the distaff side due to dissatis­
faction and the transfer to another surgeon who may have removed the 
implant. Moreover it is difficult to quantify the patients who 
have transferred to another surgeon.
The approach and techniques of the surgeons may differ due to 
opinions, competence and experience which can relate to implant 
performance e.g. the reports on pin implants differ considerably 
regarding the success of this method of load diffusion. Finally 
histological sections cannot be taken so that the tissue reaction 
to the function implant can be studied except where isolated 
implants have been removed for unusual reasons such as the patient's, 
for psychological reasons, request for removal of an implant.
In common with animal experiments there is little tendency to 
attempt to assess the loads on implants, which is important due to 
the possible splinting of the implant and due to the difference in 
tooth load from patient to patient as shown by Thylman R & G et al 
(1960) and others. The definition of success also varies depending 
on whether the surgeon considers the removal of the implant a failure 
or the onset of resorbtion or implant mobility. Splinting can obscure 
the true performance of the implant for a bridge can be firm yet the 
implant can be mobile. Similarly an implant complex such as the pin 
implant can be firm yet single pins be mobile. Finally the use of
radiographs, as a diagnostic aid has been shown by Harris and 
Lossin and Taylor in this thesis, Part 4, to have limitations.
These limitations consist, in the main, of an inability to show bone 
width, and the exact structure of the cancellous bone which is 
obscured^by the image of the cortical shell. The radiographs do 
not show changes in the structure of the cancellous bone e.g. 
resorbtion, until over 40% of the bone is destroyed. Linkow has 
shown that pin implants can be inserted into a mandible and cancellous 
bone removed around the upper portion without a change in the 
appearance on radiograph. Moreover, the principle changes in the
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cancellous bone would occur in a labio bucco lingual direction 
due to the lateral forces and these changes would be obscured by the 
image of the implant.
Finally the splinting of the implants can obscure the performance 
for an implant may appear firm yet in effect be mobile and held in 
position by a natural tooth or another implant.
The first conclusion which might be made from the data is that 
if the results are considered in terms of resorbtion rather than 
removal of the implant then the majority of the implants could be 
said to be overloaded. The work of Cranin and the author shows 
that the bone destruction begins at the alveolar bone crest and a 
study of radiographs of functional implants published by Linkow,
Muratori}and^others tend to support the overloading theory because 
only a minority of the radiographs conform to the authors own 
definitions of a successful implant. A good example is the blade 
implant which all agree should be inserted with the shoulder 2 mm 
below the surface of the bone yet the majority of the radiographs 
of functional blades do not show a clear uninterrupted cortical 
layer over the shoulder. It could therefore be argued that 
resorbtion of the alveolar bone crest has occurred. The point is 
emphasised by the fact that many of the radiographs of functional
implants are short and jnji.dteEm in terms of years of function.
The next conclusion is that there are only a minimum of suitable 
sites for the present generation of endosseous implants. All the 
reports agree that the height and width and the degree of mineralisation 
of the bone site are important factors in implant success. It would 
appear that the success of the implant drops sharply as the dimensions 
and degree of mineralisation are reduced although some implants, 
e.g. the blade,require less height than others such as the screw.
The work of Linkow, Muratori and the author suggests that deep blades 
and screws are more successful than shallow implants whilst mandibular 
sites,with a greater degree of mineralisation,are more successful than 
maxilla sites with a thin cortical shell. Implants which are fixed 
in cortical bone tend to be more successful thus the modifications in 
designs of Pasqualini and Bello and Cranin which have increased the 
areas of contact with the cortical shell have all appeared to increase 
the success. With the pin implant the results have been much 
improved when the pin has been inserted into a site with wide superior 
and inferior cortical layers for anchorage.
The third conclusion is that no attention has been paid to the 
moment acting on the implant for the height to which the implant 
must be restored for occlusal equilibration is not emphasised in the 
data. The wide variety of bone loss and the preponderance of fixed 
bridges should make the height of the prosthesis an important factor 
and this will be considered in the laboratory experiments.
The fourth conclusion about the data from functional implants 
is that there are a wide variety of loading conditions and the 
success of the implants increase sharply as the load on the implant 
is reduced. Thus Linkow advises the splinting of all implants whilst 
Sandhaustends to insert implants only when load is considerably 
reduced by splinting to a number of healthy natural teeth and in 
addition a mucosa borne prosthesis is often constructed to further
reduce tnn load and finally Cranin and the author have shown that 
the most successful implants are the intermediate abutments which 
have the most reduced loads.
The final conclusion is that not only are the loads and sites 
not assessed in a scientific manner but the sites and the loads are 
not related when the case is being assessed. The better the site 
the greater degree of load bearing capacity.
This aspect of the assessment of the sites and loads and the 
relation between them will be considered in the thesis.
PART 2
THE LABORATORY EXPERIMENTS
CHAPTER 5
PHOTOELASTIC STUDIES OF STRESS CONCENTRATIONS 
The load diffusion characteristics of a range of implant shapes
5.1. The interaction between elastic bodies. The elastic
response of an idealised dental arrangement. The stress 
distribution which might be expected around an implant.
Radiographic observations of malfunction in both natural teeth 
and implants suggest that the critical area for resorbtion occurs 
at the alveolar bone crest. To discuss the way in which occlusal 
loads are transmitted from a prosthesis into the surrounding bone 
in the absence of a periodontal membrane it is convenient to 
introduce the concept of stress or force per unit area at the 
implant-bone interface. The interface will in general be subjected 
to a combination of normal pressure and tangential or shear stresses 
as is illustrated in Fig. 5. Both the interface pressure and the 
shear stress will vary in magnitude from point to point over the 
interface.
The interaction between elastic bodies made of unlike materials 
has received considerable attention during recent years and Fig. 6a 
shows a qualitative illustration of the elastic response of an ideal­
ised dental arrangement when the implant is subjected to discrete 
loads. Axial force is resisted by a combination of shear stresses 
and normal pressure with the former being developed by virtue of the 
friction or biological connection between the implant and surrounding 
material. The distribution of shear stress along the interface is a 
function of the elastic properties and the geometric shape of the 
components and will, in general, be characterised by a very high
value of stress immediately below the surface of the bone. If the 
isotrophic material of the first example is replaced by a more 
complicated arrangement in which both the cortical and cancellous 
bone is represented, the enhanced elastic modulus of the cortical 
bone will attract increased load with a consequent increase in the 
peak stress. However the stress distribution which occurs in the 
homogeneous model would be similar to that of a more complicated 
material with a cortical shell,such as bone. This shell would 
attract increased stress but the area of maximum stress would remain 
in the same region in both materials i.e. at the alveolar bone crest. 
This is important because experiments using homogeneous models can 
be used to.find'which factors reduce the stress concentrations in 
this area. It can then be argued that the same factors would reduce 
the stress concentrations in the same area in natural bone although 
the reaction of the bone would not be the same.
The application of a bending moment or transverse load will 
induce a normal pressure distribution over the interface which, 
when the interface cannot sustain tensile stress, will have the 
general form shown in Fig. 6b. As in the case for diear loading 
the detailed stress profile will be a function of the deformation 
characteristics of the interacting components. Invariably a 
localised area close below the surface of the bone is subjected to 
exceptionally high pressures and it is in this area that the first 
signs of resorbtion are often observed. Under extreme loading 
conditions where endosseous implants are involved resorbtion can 
also occur at the tip of the implant. As in the case of axial 
loading these effects will be emphasised by introduction of an 
heterogeneous bone structure comprising both cancellous and 
cortical components.
The limitations imposed by the presence of geometric stress 
concentrations are well documented insofar as engineering structures 
are concerned, and studies x^hich proyide an indication of the
importance of the shape and overall stiffness of an implant can be 
illustrated by the use of photoelastic models.
5.2 Photoelastic Experiments - Introduction
Photoelasticity is a visual method of determining, with the aid 
of polarised light, stresses in models made of various transparent 
materials. The principle features of the system are the model of the 
component to be tested and the polariscope which enables the optical 
effect to be analysed.
The polariscope consists principally of a light source and two 
filters. Each filter permits the passage of light in one plane only
t .
and their transmission axis are perpendicular to one other. >; Thus the 
analyser or second filter would, in this position, stop all light 
passing through the first filter, the polariser. Further plates can 
be placed in front of the filters. The model of the component 
system to be analysed is placed between the polariser and the. 
analyser filters. Light falling on the model is plane polarised and 
passes through the material perpendicular to the surface. If the 
special material is stressed then the polarised light splits up into 
two components in the direction of the principle strains. If these
strains are of different values then the two rays of light will
travel at different speeds in the material thus there will be a 
phase retardation between them. This retardation appears- when 
viewed through the analyser, as a series of coloured bands or fringes
called isochromatics when white light is used. Each isochromatic
is a focus of points of constant principle strain difference. The 
fringes appear black in areas of zero principle strain difference.
If the axis of a principle strain is aligned with the axis of the 
polariser filter no interference takes place and no light is trans­
mitted producing a dark band of isoclinic. Thus if the two filters 
are rotated the directions of the principle stresses at any point can
be determined.
The photoelastic method thus involves simulating the real stress 
problem by means of an idealised physical model manufactured in a 
transparent elastic polymer which exhibits stress induced bire­
fringence. If such a model is deformed and illuminated in a 
polariscope an optical interference pattern is observed, and this 
may be interpreted in terms of the principal inclination and 
principal stress difference throughout the model. The observed 
stresses may be transferred to the corresponding prototype 
configuration by using the principle of similarity and introducing 
the respective elastic constants of the model and prototype. It 
is thus possible to make a detailed survey of the elastic stress 
distribution and in particular the maximum stresses in problems 
where the geometry is too complicated to admit a simple analytical 
solution.
In the case of the endosseous implant, which has a much higher 
elastic modulus than the surrounding bone, it is necessary to make 
a suitable choice for the model implant material so that the 
modular ratio
elastic modulus of implant material . ,
111 = elastic modulus~ of~bone----- is preserved. ■ ....
Since the object of the present tests was only to provide 
comparative information about the effect of implant geometry it 
was decided to simulate the bone by a homogeneous low modulus 
material and to simplify the problem further by assuming that the 
deformation behaviour of a plane section containing the axis of 
an implant could be idealised by two-dimentional configurations of 
the type illustrated in Fig. 7.
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5.3 Materials and Methods
The load diffusion characteristics of a tooth shape, a 
low modulus wedge, a high modulus wedge and a pin.
The bone was simulated by a plate made of araldite (Ciba, G.B.)
2
of thickness 3 mm. The tensile strength of araldite is 72.4 MN/m
2 ' ; 
and the modulus is 2900 MN/m at room temperature, compared with that
2of cortical bone which has a modulus of 19300 MN/m .
The implants were simulated by an alloy with a tensile
2 4 2strength of 286 MN/m and a modulus of 6.89x10 MN/m and for one
shape the implant simulation was constructed in both alloy and
araldite to show the effect of changes in the value of E. Each
implant shape fitted into a separate plate. The offset of the
implant contained three holes so that the mode of loading could
be varied. The dimensions of the implant shapes which were used
are shown in Table 6.
The pins were slotted into the araldite plate which was
bolted to two mild steel bars which were in turn bolted to the
polariscope framework. The implant shapes were loaded by attaching
a weight pan to the hole in the offset by means of a cable and a
pin and sleeve. The load used was 2.72 kgms.
1 kgf = 9.806 N 
TABLE 6. The Dimensions of the Implant Shapes
Loading holes 
distance from the bone
7.9 mm apart and the 
nearest to the surface 
is at 11.1 mm.
Total length 
mm
Width of 
portion
buried
mm. Length/diameter ratio
Pin 1 57.15 3 8
Pin 2 69.85 3 12
Pin 3 82.55 3 16
Pin 4 92.25 3 20
Pin 5 69.85 6,.35 6
Pin 6 82.55 6.36--3 6t 12
contTd over
TABLE 6 continued
Total Length Width of buried Length/diameter ratio
. inm portion mm
Tooth form 62.15 12-4
Blade form 62.15 6-.25
Polariscope:
The machine used was a Jessop-Leech type with a motorised 
horizontal traversing gear and a handwound vertical traversing gear.
Methods
, The effect of changes in the implant properties and in the 
mode of loading upon the load diffusion characteristics of an 
implant was investigated in the tests. Known forces were applied 
to different implant shapes inserted into the transparent models.
The stresses in the material produced by the forces were examined 
so that effect of changes in geometric shape and moment could be 
studied.
5.4 TEST 1
The properties of the implant. - Results
The load diffusion characteristics of a range of implants 
shapes were examined and the optical patterns associated with the 
application of transverse load to each of these are illustrated 
in Figs. 8a to 8k. The first example shows the stress distribu­
tion for a typical tooth profile in which the elastic modulus of 
the tooth material was assumed to be the same as that of cortical 
bone. The maximum stress, which occurs just below the model 
surface, is a function of the geometric shape and overall stiff­
ness of the tooth structure. The maximum stress value of 4 units 
would be expected to be reduced, by the introduction of a 
periodontal membrane.
A comparison between Figs. 8b and 8c provides an indication 
of the effect of increasing the elastic modulus and hence the 
stiffness of the implant. The rigid design is associated with 
more localised but higher maximum stresses.
Figs. 8d and 8e show long slender implants with length/ 
diameter ratios of 20 to 12 respectively which both exhibit the 
same critical stress values of 4£ units. For the case of a 
homogeneous bone structure it is apparent that increasing the 
length of a pin implant above a certain minimum dimension will 
not reduce the maximum stress produced by a given transverse 
load.
Figs 8qkshow,i‘ a much shorter stiffer implant which is capable 
of sustaining the applied load with minimum flexural deformation 
of the implant itself. The increased stiffness of the implant is
associated with a marked reduction in the critical stress of 
units.
The model, shown in Fig. 8g, represents an attempt to increase 
the stiffness of the implant in the immediate vicinity of the bone 
surface. This modification reduces the local deformation in the 
critical area and results in a significant reduction in the 
maximum stresses of 2| units.
TEST 2
5.5 The mode of loading
The relation between the moment and the stress concentrations 
was tested in the final study.
Results .
The stresses increased from 4 to 5 to 6| units as the load 
height was increased from 1.1 to 1.89 to 2.68 cms. as shown in 
Figs. 8h, i and j .
5.6 CONCLUSIONS
The results showed that the load diffusion behaviour of the 
implant models varies as the geometric shape was changed and as 
the modulus of the implant was changed in relation to the modulus 
of the bone. Increasing the overturning moment was directly 
related to an increase in stress concentration. In all cases the 
maximum stress concentrations occurred at the bone crest.
Increasing the value of the second moment of the area (I) reduced the 
surface stress concentrations, e.g., when the diameter of a pin was 
reduced by 50% the maximum stress was reduced from 4| to 2\ units.
It was also found that if the stiffness of the implant was 
increased at the bone surface by tapering the pin so that the 
maximum width was two times the minimum width the stress was 
reduced from 4| to 2\ units. It was also found that increasing the 
length of a pin was only useful up to a maximum length diameter 
ratio. Thus implants of length diameter ratio of 12 and 20 
respectively exhibited the same critical stress value of 4^ units.
It should be emphasised here that these tests relate to the 
behaviour of implants inserted into an elastic, isotropic medium
and further studies into the effects of anisotrophy are 
required. However, it does appear that useful general information 
can be obtained from relatively simple and inexpensive photoelastic 
tests. It is significant that transverse load is always associated 
with'the development of the maximum interface pressure at or just 
below the bone surface.
The interpretation of these results in the real implant 
environment is rendered difficult by the extreme scarcity of 
qualitative information about the behaviou of bone under complex 
stress conditions. Such information as is published relates to 
the effect of tensile or compressive stresses and the response of 
the material to shear loading has been almost entirely neglected. 
Yet it is apparent that the mechanism for transferring vertical 
load from natural teeth involves the development of substantial 
shear stresses in the cortical bone immediately adjacent to the 
periodontal membrane. In this context it is interesting to examine 
the way in which load is diffused through the periodontal membrane 
in a manner which avoids the worst of the geometric stress 
concentrations which are inevitable associated with the simplest 
form of metallic endosseous implant.
These photoelastic test results have emphasised that if an 
endosseous implant is to be successful the stress concentration 
generated under load at the alveolar bone crest has to be reduced 
to tolerable limits not only in terms of the response to a single 
load but to repeatable loads over a period of some years.
The tests have shown clearly how small changes in the design 
of the implant can cause a large and possibly crucial difference in 
the stress concentration. The problems of loss of bone are high­
lighted by the effect of changing the tooth height i.e. the moment 
acting on the implant. This test throws some doubt upon the 
practice of fitting fixed bridges over the implants which do not
rest on the mucosa, particularly when the tooth height has to be 
considerably increased due to loss of bone. Finally the tests 
emphasise the quandary of dental surgeons who do not have any 
scientific methods of assessing the possible performance of a 
proposed implant. The large differences from case to case in 
bone sites and loading conditions increase the differences in the 
dimension of implants which would utilise the site to its fullest 
extent and make the diagnosis more difficult. These tests have 
also made the author look much more closely at the changes which 
take place in the alveolar crest area around the functional implants.
P H O T O E L A S T I C  M O D E L S  OF E N D O S S E O U S  I M P L A N T
P R O F I L E S
a.TOOTH PROFILE f l e x i b l e w e d g e  profile
C. STIFF WEDGE PROFILE
fig. 8 -2
A. P I N I M P L A N T
l e n g t h / d i a m e t e r  r a t i o = 1 2
P I N  IMPLANT 
LENGTH/DI AMETER RATI0=6
P I N  I M P L A N T
T A P E R I N G
e.  . PI  N I M P L A N T
L E N GT H  I DIAMETER RATIO=20
fig.8 - 3
h. PIN IMPLANT
LOAD HEIGHT 1cm-
PIN IMPLANTS 
LOAD HEIGHT 2-4 cm.
;i. PIN IMPLANT
LOAD HEIGHT I ■ 7 cm.
CHAPTER 6
THE MEASUREMENT OF LOCAL DEFORMATIONS OF IMPLANTS UNDER LATERAL LOADS
6.1 INTRODUCTION
In the previous chapter a very simple idealisation of the 
complex stress problem of the mechanical behaviour of implants 
under transverse load was examined in order to understand the effect 
of loading an implant partially embedded in a complex elastic 
material, namely bone. It was found that the stress concentrations 
at the interface varied and that the highest stress concentrations 
occurred at the surface. The examination of radiographs of 
functional implants in vivo also showed that resorbtion of bone 
always commenced at the alveolar crest. Thus it would appear that 
there is a relation between the magnitude of the local stress, 
concentrations and resorbtion and that the alveolar bone crest is the 
most critical area. In this next series of experiments the parameters 
which effect the magnitude of the local deformations in the crest 
area will be discussed and the effect of some of these parameters on 
the deformations will be tested. An important addition to the 
previous tests is the use of bone specimens instead of an araldite 
simulation so that the profile of the site is more realistic and 
there is a cortical shell as in the in vivo bone site. The results 
of the tests will be compared to the results of the photoelastic 
experiments.
In order to isolate the parameters which affect the local 
deformations the general concept of the loading of elastic materials 
will now be discussed so that the behaviour pattern of the implant 
can be fitted to the engineering concepts regarding the behaviour 
of materials under load.
The first important aspect of the implant is that the load
is applied to the end of the implant which is cantilevered out 
of the bone so that a transverse force will apply an overturning 
moment to the implant, the magnitude of Xsrhich depends upon the 
occlusal load and the length of the unburied part of the implant. 
Thus the problems of dental implants are different from those of 
implants in different parts of the body because the load is applied 
directly to the head of the implant and not indirectly such as in 
a hip prosthesis. The effect of this load will depend.upon the 
properties of the interacting components i.e. the implant and the 
bone, and the mode of loading, i.e. the overturning moment in the 
case of a transverse load. In order to produce an equilibrium under 
the load this moment must be resisted by a series of opposing 
forces in the bone at the interface, if one just considers the 
local effects. The sum of all the opposing forces must equal the 
applied force.
The result of loading the implant will be that both the implant 
and the bone will deform in some way. When the load is removed 
both the implant and the bone should return to their former shape 
and position if the system is to remain stable. Thus we are 
interested in the conditions which promote elastic behaviour. There 
are three types of deformation, which are illustrated in Fig.9, 
bending rotation and sideways movement. In this illustration the 
possible types of deformation of the pin and blade shapes are shown 
together with the deformation behaviour of the natural tooth. It 
would be expected that a thin implant, like a pin, would bend more 
than a stiffer implant, like the blade, which might be expected to 
show a greater degree of rotation. A minimum of sideways movement 
would be expected if the bone was not overloaded.
The deformation behaviour of an elastic implant embedded in 
a uniform block of bone can be illustrated by the curve shown in 
Fig. 10a. The lateral displacement at the tip of the cantilever
will include contributions due to a rigid body displacement (V^) 
and a rotation (0^) in the bone together with the conventional 
elastic deformation of that part of the implant which is above the 
bone surface.
For the elastic implant this latter contribution (y ) will be 
given by the equation:-
V :- “ d  ■
' ° 3EI
W= the load
L= the free length of the implant
.1= the second moment of the cross-sectional area of the implant. 
The second moment of the area is a function of the cross-sectional 
shape of the implant and can be calculated by evaluating the 
quantity:-
i n
dA
Where A is the elemental area located at a distance x from the 
centroid of the cross-section.
The deflection at level L from the surface of the bone as shown 
in Fig. 10a is:
Vr + L0„ + ^b B 3EI
In order to simplify the analysis of the idealised system it has 
been assumed that the materials of both the implant and the 
surrounding bone are homogeneous, isotropic and elastic, with 
typical values being introduced for the elastic constants.
In order to determine values for the transverse displacement 
and rotation of the implant within the bone it is necessary to 
treat the bone as a flexible material and to consider that the 
applied load is opposed by a series of interface forces as shown
Magee (1975) has idealised the elastic restraint on the
embedded implant by means of a series of springs which simulate
the flexibility of the surrounding bone at each level beneath the
surface. Equilibium requires that the sum of the opposing forces
acting on the implant must be zero.
n
F = Z F (1)
. r
r-1
F^ = resisting force at depth (2r-l)b below the surface,
n = number of opposing forces
The equilibrium can only be expressed in terms of overturning
moments as in formula (2) if moments are taken at the interface
as shown in Fig. 10b.
n
F (e) + Z F (2r-l)b = 0 (2)r
r-1
If the beam is split at a point just beyond F^ at a distance 
x from the load
and if moments are taken about this point:
M = F(x) - F^(x-(e+b))-F2 (x-(e-»-3b)) - F^ (x-(e+(2r-l)b)
M . = E.I
dx
Thus
E.X.y +. F(x)2 — (x-(e+ (2r-l)b)3 + ^  f
6 6 6 6
E.I = flexural stiffness of the implant
The deformation (y) can also be related to the properties of 
the bone. The original width of the bone (w) is known.
stress F
w (Area)Eg
y
Thus the forces acting on the bone at a particular point will be 
related to the modulus of elasticity of the bone at that point, the 
width of the bone and the area over which the load is dispersed.
Magee related the deformation at each level to the inverse 
stiffness of a spring so that the properties of the spring could 
be calculated for each resisting force, thus he substituted AFr 
for y in equation 3. A is the inverse stiffness of a spring which 
generates the force Fr with the displacement y.
Vr = displacement of spring.
This theoretical work of Magee is in the first instance useful as a 
model of the effect of a lateral force on an implant. The levels of 
stresses produced at the interface as shown in the diagram, fig.6b, 
can be related to the concept of a series of opposing forces at each 
level resisting the lateral force and the different flexibilities of 
the bone at each level providing the elastic restraint. Thus the 
largest resisting liorce would be in the critical area of the bone 
crest where the cortical bone would produce the greatest degree of 
elastic restraint.
The result of the loading of the implant is a new equilibrium as 
long as the force is maintained and the elastic deformation is effective. 
In this position the implant and the bone are deformed. The extent
Espring
o_
e
Fr/Area 
_______sp
1
Vr/lengthsp A A s
and type of the deformation is of prime interest because it could be 
argued that the greater the deformation the more the possibility of 
resorbtion.
Thus there are three factors to be considered; the mode of loading 
which provides the overturning moment which would bend, rotate or 
displace the implant; the flexural stiffness of the implant which 
would determine the type of deformation and with other factors the 
extent of the deformation; the flexibility of the bone which would 
also be a factor in the extent of the deformation.
As can be seen in Magee*s formula the magnitude of the load and 
its moment are directly related to the deformation. This parameter 
can be quantified and the effects on deformation can be tested in 
the laboratory. We should expect a direct relationship between 
moment and deformation.
The flexural stiffness and its relation to the deformation can 
also be quantified and tested. It would be expected that the . 
deformation would be reduced as the flexural stiffness increased 
although this factor is dependent on the elastic restraint of the 
bone. The stiffer the implant the more the tendency to rotate when 
under load or displace when the elastic restraint is insufficient.
If one could refer once again to illustration 6b one can see the 
resisting forces at the tip of the implant which are in the opposite 
direction to the resisting forces at the crest. If the elastic 
restraint is •reduced in this area there would be a greater tendency 
to deformation'by rotation particularly with a stiffer implant. The 
change in stiffness will be accomplished by a change in the second 
moment of the area in the experiments.
The third factor which can be investigated is the elastic restraint 
Of the bone. This third factor is the most difficult to assess in 
the laboratory on dead bone in such a fashion that it can be related 
to the flexibility of living bone. The modulus of elasticity of the
bone site varies from level to level and from case to case although 
it could be argued that the hard stable cortical bone varies far less 
than the cancellous bone based on clinical data from radiographs and 
examination of bone during surgical operations. However the depth 
and thickness of the cortical bone in the critical area of the crest 
varies and clinical observation has shown that the elastic restraint 
of thin bone is considerably reduced.
There is also the factor of the modulus of elasticity of the 
bone in the region of the deepest portion of the implant which can 
affect the deformation, once again referring to illustration 6b.
Thus there are considerable problems when one tries to quantify the
S
site factor for laboratory experiments especially when the profile 
of the bone site varies enormously from site to site as has been 
shown diagramatically by Ackermann (1966). Magee's attempt to relate 
the elastic restraint of the bone to the properties of a spring is 
thus an attempt to overcome these problems. However when he applied 
the formula to photoelastic tests based upon the experiments which 
have already been described he found discrepancies between the 
theoretical and the actual values for the resisting forces at a 
particular level despite knowing the value of the moduli of elasticity 
of both the site and the implant material at each level.
Thus conclusions from experiments which try to quantify the site 
are difficult to make.
Finally the deformation at the bone crest would appear to be 
the most useful measurement for as we have seen this is the critical 
area where the maximum deformation occurs. The laboratory experiments 
which follow will measure this deformation.
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Laboratory Experiments 
We have seen from the analysis of the work of Magee that the 
* magnitude of local stress concentration at the implant/bone inter­
face is related to a number of mechanical parameters. The previous 
laboratory experiments have shown that the maximum stress concen­
tration is in the region of the bone crest and it has been argued 
that resorbtion is more likely to occur in this area. Thus a study 
of the factors which effect the deformations at the bone crest 
should provide useful information about implant design and possibly 
about the implant site although the reaction of bone specimens in 
the laboratory is not the same as the reaction of living bone.
, The series of tests were designed to measure the deformation 
of the implant and hence the bone in the critical area of the 
cortical bone and study the parameters which effect the deformation. 
These parameters were the mode of loading, the flexural stiffness 
of the implant and its depth of insertion, the dimensions of the 
cortical bone and its moduli.
The tests were designed so that a lateral force could be applied 
to the implant. It was decided to confine this study to lateral 
forces because a study of the radiographs of functional implants 
and examination of the bone around the neck of the implant in the 
region of the crest has shown that the appearance of resorbtion, 
when it occurs, is typical of that which might be expected from 
excessive lateral forces. The area of maximum stress concentration 
under a lateral load appears to be related to the area of maximum 
resorbtion. Thus it was felt that a study of the lateral loading 
of implant should be made.
6.2 Materials and Method
Implant Loading Apparatus
A special loading device was designed for the experiments as
is shown in Fig.11. There were two special features of the design, 
first the direction, magnitude and point of application of the 
transverse load could be pre-determined and secondly, the radiographic 
procedures had been standardised by fixing the position of the tube 
and the film in relation to the implant and the bone site.
Test samples manufactured from pig's bone were used as the 
bone sites. The fluid content of the bone was retained by freezing 
as soon as possible after the animal had been killed, and keeping 
the bone moist during the experiment. The tests were completed 
within the 24 hours of the animals death. The samples for the pin 
and screw implants were taken from the retromolar region of the 
mandible where the inner and outer plates of bone were approx­
imately parallel and the thickness of the bone was approximately 
5 mm; a cross-section of specimens are shown in fig. 21; 1, 2 and 3. (p.142) 
A rectangular block of bone 5 mm long and 25 mm deep was cut from 
this region. For the blade implant a longer specimen was cut, 25 mm 
in length, 12 mm in depth and 5 mm wide. The implant was carefully 
inserted into the bone, care being taken with the alignment in 
relation to the bone surface and the inner and outer plates of bone.
Guide lines were drawn on the outside of the site before the insertion.
The implant head was then positioned in the apparatus by means of 
a locating plate which was attached to the apparatus during the 
fixation of the bone sample. The implant head was attached to the 
localising plate with a quick setting plastic. When the plastic had 
set both the implant and the bone were in the correct position in 
relation to the tube and the film. The site container was now 
filled with stone plaster fend when the plaster had set the localising 
plate and plastic were removed.
The bone specimen was now covered at both the buccal and 
lingual surfaces with a hard stone plaster. The cut surface was 
not covered so that a clear radiograph could be obtained of the
transverse view across the bone which is not possible to obtain in 
the mouth. Thus when a lateral force is placed on the implant there 
is the minimum of torsion of the bone s p e c im a n  as shown in Fig.lib.
A coping has been constructed for each implant. Grooves had 
been drilled in the coping at intervals of 2 mm so that a transverse 
load can be applied to the implant at a fixed distance from the bone 
surface. The coping was cemented to the implant head, when the 
plaster base had hardened, using a second localising plate which 
fixed the lower border of the coping at 2 mm from the surface of the 
bone. The load was applied by attaching a weight to a nylon cord 
and placing the cord round the coping and over one of a series of 
pulleys so that the pulley was level with the selected groove in the 
coping. Thus the cord was horizontal and at right angles to the 
axis of the implant for each test.
When the implant in the bone site had been carefully aligned 
the x-ray film was slotted into the jig at one end of the device.
No movement was discernable so that there was only one position for 
the x-ray film. The alignment was fixed in relation to the site, 
the implant and the head of the x-ray tube. The x-ray exposure was 
known and the development techniques were standardised by using fresh 
solutions for developing and fixing the films in each experiment.
A potential difficulty with this technique was the possible 
rigid body movement of the bone specimen when the implant was 
under load. The first tests were conducted with the implant 
fixed in a soft plaster of paris but some movement occurred at the 
higher loads. Finally, a very hard stone plaster was used which 
required a longer period of setting time but achieved a rigid 
fixation. The artificial stone which was used was Vel-Mix made by 
the Kerr Manufacturing Company in a proportion of 22ccs of water to 
100 grams by weight. The powder was added to the water and 
spatulated for one minute then the stone was left to set for 10 mins.
The material has a crushing strength of over 5000 lbs per square inch.
A further possible difficulty is that the position of the 
surface of the stone would vary from experiment to experiment.
However, the stone level was below the crest which was cleaned so 
that there was no plaster on this area or adhering to the implant.
6.3 Double Exposure Radiographic Technique
Radiographic Materials
The x-ray film, selected because of its speed and widespread 
use in clinical practice, was Kodak periapical dental, 3.2 by 4.1 cm, 
4z-150 Fast. The x-ray machine used was a Morita, D-081, Rating 60 kvp. 
This machine was equipped with a long cone which reduced the ray 
scatter, and an accurate timer graded in units of .01 sec. The 
exposure used was .05 sec. The developing and fixing solutions for 
the x-rays were KODAK X-RAY developer and fixer diluted to 1/4 
strength with water. The films were processed at a temperature of 
20°C.
TECHNIQUE
Two exposures of .05 secs, were made of each film, the first
of the unloaded implant and the second of the loaded implant. Thus
two images, of the unloaded and the loaded implant, appeared on the
processed film. Typical double exposure rays are shown in Fig.12.
The horizontal distance between the two images was measured at
-3
intervals of 25x10 inches by a microscope and a traversing stage.
. +
The observations were made within an accuracy of - .001".
All the experiments were intended to examine the behaviour of 
implants when both the implants and the bone acted in an elastic 
manner. Thus a preliminary test was conducted with each implant 
shape to check that the elastic limit had not been exceeded. In this 
test the implant was triple exposed to three exposures of .04 sec.,
the first when the implant was unloaded, the second when the implant 
was loaded and the third exposure when the implant was unloaded 
again. If the implant was behaving elastically only two images 
would show on the x-ray. If the elastic limit had been exceeded, a 
new specimen would be used and loads would be applied to the implant 
within the elastic limit.
The double image exposure technique enabled the deformations 
across the bone, i.e. in the direction of the load, to be studied 
by means of a transverse x-ray which was not possible in the mouth. 
Information about the quality and extent of the cancellous bone was 
obtained because the anterior and posterior surfaces were not 
covered by cortical bone. As a physical model the test sample was 
three dimensional and consisted of cancellous bone covered by 
cortical bone with a surface outline similar to areas of the jaw­
bone. The fluids in the specimen were retained by avoiding the 
use of preservatives and deep freezing the bone. Above all the 
procedures were standardised so that the different deformations 
could be compared in a quantitative manner.
6.3.2
The Relationship between the test loads and the in vivo predictions
Extreme vertical loadings of between 600 and 900 N have been 
recorded by Howell & Manley and others which would suggest an in 
vivo average load on individual teeth would be between 160 and 220 N.
Benaim concluded that the lateral load would be considerably 
smaller than the vertical load after graphical studies of the lateral 
and vertical components of a tooth forces. Anderson measured whole 
chewing sequence loads of between 70 and 146 N.
As has been shown in fig.3 a lateral force on a tooth would have
a vertical component. The true lateral force could be calculated from 
the formula F sin 0 and the vertical force from the formula V cos 0.
Referring again to. Fig.3 an angle of 30 degrees for 0 would produce a
value of F approximately half that of V so that the horizontal force
would be approximately three times the vertical force. In addition
to this there is also a shearing component to the horizontal force
2 2
as has already been discussed in the review (H = T + 5 ) so that the 
actual lateral force would be less than one third that of the vertical 
force.
Thus a maximum load of 50N would be realistic for the laboratory 
experiments and this guideline was fixed.
6.3.3
The implant designs which were selected for tests
The Pin and the Blade designs were tested because, at the time of 
the study, these two designs were, in the first instance, the most 
used in clinical practice and secondly the pin was the simplest and 
smallest and the blade was one of the more complicated implant shapes.
A further point of interest was that the pin is a thin flexible 
implant which would be expected to bend under lateral load and the
blade is a stiff implant which might be expected to rotate under such
a load so that two types of deformation could be studied.
The three interrelated groups of factors which effect the
deformations at the level of the cortical bone are the mode of loading, 
the implant properties and the bone properties. In the first tests 
the same bone site was used and the mode of loading was constant so 
that the effect of changing the implant properties could be studied.
In the second series the mode of loading was changed and the 
implant properties remained constant.
6.4 The Pin Implant
The pin implant is a thin flexible implant which is part of a 
pin complex of generally three pins, joined together by some 
form of plastic or screw fitting.
The parameters which were tested were the flexural stiffness
of the implant (El) the depth in the bone, and the mode of loading. 
Materials
Five types of pin were tested as shown in Table 7.
TABLE 7; The1 Prototype Pins
Material Diameter length
1* Vitallium
(mm)
1
(mm)
25
2. .»» 1.2 25
3. it 1.5 25
4. »i 2.0 25
5.
■ i.
it Tapering 
1.5-1.2
25
The test sample of pigs bone were manufactured from the posterior 
region of the mandible. The dimensions were as shown in Table 7b •
TABLE 7b - Bone Test Samples
Bone Length Width Depth Cortical layer thickness 
(mm)
Pig 8 6 25 1.5
6.4.1. Test 1 
Preliminary Test
The accuracy of the reproduction of the implants on the x-ray film 
was tested by measuring the implants and the image on the radiograph, 
The difference in the diameter between the image and prototype was 
found to be less than the accuracy of measurements. The elastic 
limit of the implants were tested so that the study could proceed 
of the elastic behaviour of the implants under loads within this limit.
Each of the five implants were loaded in increments of £kgm 
and a triple exposure of the x-ray made at each increment.
The conditions of loading were that all the loads were 
applied at 6 mm from the surface of the bone to an implant which 
was inserted to a depth of 15 mm.
Results
The experimental limits for the pins are shown in Table 8.
TABLE 8. Experimental Limits of Different Pins
in Bone Sample Sites
1.
2.
3.
4.
5.
Pin diameter 
(mm)
1
1.2
1.5
2.0
tapg.
Elastic Limit 
(kgm).
Conclusions
The mean relation between the Elastic Limit (E) and the diameter 
(D) appears to be E = 3.6 D up to a diameter of 1.5 mm.
In the succeeding experiments the bone was loaded within these 
limits. The results of this test show that it was possible to 
consistently repeat experiments within certain load limits as 
shown in Table 8.
The use of the term Elastic limit requires some explanation in 
this context. The ability of the implant to return to its original 
shape and position will, in addition to the elastic behaviour of the 
bone and implant, depend upon the ability of the stone plaster to
hold the bone specimen rigid. This will mean that the elastic limits 
in the context of the experiment might be lower than the normal limit 
of elastic behaviour depending only upon the properties of the implant 
material and the bone.
6.4.2. TEST 2.
The Flexural Stiffness of the Implant
In these tests the stiffness of the implant will be varied by 
altering the second moment of Area (I).
Increases in the value of I should lower the deformations in the 
cortical bone. It would be expected that small changes in the 
diameter would cause comparatively large changes in the value of I 
which involves the diameter to the fourth power.
In these tests the ration of implant length to diameter was
changed by altering the diameter.
Procedure
The radiographs from the previous test were used and the horizontal
displacement at the bone surface was measured.
Results
The results are shown in Table 9 and some of the test data 
is illustrated in fig. 12.
TABLE 9. The Relation between the Value of I and the Deformation 
Diameter , Deformation (y) at bone
(mm) ,I=IId
64 surface (cms)xl0“3 at 3 kgm
1 .05 7.11
1.2 1 3.04
1.5 1.25 1.52
2.0 16.0 2.54
1.5-1.2 2.03
Conclusions
The diameter of the pin which is used in clinical work is 1.2 mm. 
The results show that small changes in this diameter and thus in the 
value of I, produce comparatively larger changes in the magnitude of 
the deformation under load. Thus decreasing the diameter by .2 mm 
increases the deformation from 3.04 to 7.11 units, more than double 
the value whilst increasing the diameter by .3 mm decreases the 
deformation from 3.04 to 1.52 units. The bone sites in vivo are 
limited in width and thus only small changes can be made to the 
dimensions of the implant. This experiment therefore suggests that 
such small changes would have a significant effect which would be of 
practical value. The limitations of site dimensions would be further 
met by the next conclusion that the tapering pin is almost as effective 
as the straight pin when the maximum diameter is in the area of 
greatest possible deformation thus the 1.5/1.2 mm pin has a deformation 
of 2.03 units whilst the 1.5 mm pin has a deformation of 1.52 mm.
The final conclusion is that there is a limit to the benefits of 
increasing the diameter which is probably related to the width of 
bone, thus the 2 mm pin has a larger deformation than the 1.5 mm pin 
(2.54 to 1.52 units).
The effect of pin length on the deformation at the bone surface
6.4.3. TEST 3
The effect of pin length on the deformation at the bone surface.
It has been seen that the important area of deformation is at the 
surface of the bone. The effect on the deformation of increasing 
the length of the pin was studied in the next Test.
In this test the deformations at the.crest of a pin inserted 
to different lengths were compared.
Procedure
A vitallium pin, 1.2 mm in diameter, was inserted to various 
depths into the bone site and the deformation at the bone surface 
was measured at each increment under the same load of 3 kgm applied 
at a constant height of 6 mm from the bone surface.
Results and conclusions
The results are shown in Fig.13. They show that above 20 mm 
in depth there was no decrease in surface deformation whilst below 
20 mm the deformation increased sharply. Thus increasing the 
Length/Diameter ratio is only useful to an optimal of 16. Thus the 
interface bone at the surface and at the tip must be resisting the 
major part of the interface stresses on the bone under transverse 
loads. Increasing the length of the pin beyond 20 mm would only 
be useful to secure better fixation of the tip.
The Photoelastic Tests showed similar results.
6.4.4. Mode of Loading TEST 4.
It would be expected that the magnitude of the deformation would 
be directly related to the applied moment. Thus if the load is 
applied to the end of the free length of the implant then the longer 
the free length then the same load will produce a corresponding increase 
in the deformation.
The effect of increasing moment is important in vivo for the 
majority of bone sites are reduced in height compared to the 
original height and if bridges are fixed to the implants a high 
proportion of the load will be applied to the head of the implant. 
Procedure
The 1.2 mm diameter pin was loaded at a succession of 
different heights from the bone surface, namely, 4,6,8,10,12 mm 
and a double exposure x-ray taken at each increment. The horizontal 
deformation at the bone surface was measured. The load in each case 
was 3 kgm and the site was the same. ^
Results .
! The results are shown in Table 10 and are plotted in Fig.14.
TABLE 10. The Effect of Changing the L/D ratio
Offset (cms) from 
bone surface
Deformation (cms) 
(x 10-3)
.4 1.27 '
.6 1.90
.8 2.54
1.0 3.17
1.2 3.81
The deformation at the surface of the bone when the load was 
applied at 12 mm and was 3 times the deformation at 4 mm. The 
slope of the height/deformation plot was 4.
Conclusions
This test shows the importance of considering the overturning 
moment when lateral loads are applied to the implant rather than just 
the magnitude of the load. This test suggests that even a small 
difference in the height of the tooth crown would cause a considerable 
effect on the deformation thus a 2mm increase in free height would
cause a difference of from 1.27 to 1.90 units of deformation 
an increase of around 50%.
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6.5 The Blade Implant
This implant shown in Fig. 1 is a wedge shaped in cross section 
and is extended as a rigid plate along the bone length, so that the 
blade can occupy the space for two molar teeth in contrast to a 
pin tripod which can be inserted in the space for one tooth. The 
main body of the blade terminates in a square post.
This implant is shallower than the pin and is inserted to a 
depth of from 5 to 10 mm. Its maximum width is the same as the 1.2 mm 
pin. A feature of the design of this stiff implant is the stress bar, 
the shoulder of the blade, which runs at or just below the surface of 
the bone and the wedge shaped profile which is driven into the bone. 
The mechanical behaviour of the blade was tested under lateral load 
as with the pin implant (Fig.15).
The second moment of the blade at the level of the cortical
. 3
bone is calculated using the formula for a rectangle btl where
12
b = length and d - the thickness of the blade. The value of I 
is 3.6 mm^ which is considerably higher than the single pin (1.2 mm 
pin = 1.0, 1.5 mm pin = 1.25).
It would be expected that the blade would rotate as well as 
bend on loading, and that the stresses at the bone surface would 
be considerably reduced.
The parameters which were investigated were the same as those 
studied in the tests of the pin implants, namely, the mode of loading 
and the geometric shape and dimensions of the implant.
Materials
Titanium blades were used designed by Linkow. The dimensions 
of the blades were 25 by 5 by 1.5 mm. They consisted of a wedge 
shaped body and a narrow neck which broadened to form the abutment 
post.
The bone samples were pigs bone from the posterior region of the 
mandible. The dimensions of the samples were 30 by 12 by 5 mm which
was longer and deeper than that used for the test on the pin implants
6.5.1 TEST 5
Preliminary Test
The accuracy of the reproduction of the implants on the x-ray film 
was tested using the same technique which was applied to the pin 
implants.
The limits of the elastic behaviour in the test loading device 
was also tested.
Procedure
The same procedure was used as with the pin implant, i.e. the 
implant loaded in increments of \ kgm with a triple exposed x-ray 
taken at each increment. The loading was stopped when three images 
appeared on one x-ray to show that the implant had remained in a 
deformed position after the load was removed.
Results
The experimental limit was 8| kgm.
It was expected that the blade would behave elastically up to 
a higher load because the deformation of the implant would be reduced 
by virtue of the extended shoulder in the crest region which would 
reduce the stress.
6.5.2. TEST 6
Mode of Loading
There are a large number of sites which show a loss of vertical 
bone with the result that the free length of the implant is increased 
The purpose of the test is to study the effect of changing the height 
of the load and compare the effect with that of changing the height 
around the pin implant.
Procedure
The blade x^ras inserted into the bone site with the shoulder 
2 mm under the bone surface, i.e. 7 mm deep. The blade was loaded 
at a succession of heights from the bone surface, namely 6, 6, 8,
10 and 12 mm and a double exposure taken at each increment. The 
horizontal deformation of the surface was measured on each x-ray.
The load in each case was 3 kgm.
Results
The results are plotted in Fig. 16. The deformation at the 
bone surface at 12 mm was 3 times the deformation at 4 mm, a similar 
result to that of the pin (1.2 mm).
Conclusions
The conclusions are similar to those made from the pin implant 
test of the effect of this parameter, namely that the overturning 
moment is a factor as important as the magnitude of the lateral load.

Fig. 16
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on a given blade implant.
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6.5.3. TEST 7
The effect of varying the insertion depth of a given blade implant
Of special interest to the blade design is the position of the 
shoulder of the blade. The position of this major stress bar is 
of importance with this design because this shoulder of the blade 
is the means of reducing the stress concentration at the interface 
in the region of the bone surface.
Procedure
The titanium blade (25x5mm x 1.2 Tap) was tested in a bone 
sample of dimensions 30x12x5 mm.
In the first instance the implant was inserted in the bone 
with the shoulder protruding 2 mm out of the surface and a double 
exposure x-ray was taken, its increments of g kgm up to 4 kgms.
The experiment was repeated with the blade being inserted so 
that the shoulder was level with the surface of the bone and then 
with the shoulder 2 mm below the surface of the bone. The load was 
applied in each case at a distance of 6 mm from the surface of the 
bone.
The horizontal deformation at the surface of the bone was 
measured for each of the x-rays.
Results
The results are plotted in Fig. 17.
The relationship between increasing load and deformation was
linear. At 3 kgm load the deformation decreased from 1.8 to .4 .
-3(xlO inches) as the implant was inserted from 3 to 7 mm into the 
bone.
Conclusion
This experiment demonstrates that the deformation decreases with 
increased depth of insertion although the test showed no signs of an 
optimum position. The conclusion of Linkow that the shoulder of the
blade should be below the surface of the bone are confirmed. This 
would suggest that the blade would be most effective in a site of 
at least 7 mms in depth.
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6.5.4. TEST 8
The effect of varying the length of the blade
The blade has been used in vivo in a variety of lengths but there 
are no guidelines to what is the optimal length. In this experiment 
the deformation of the blade was measured at a series of different 
lengths by cutting the blade.
Procedure
The blade was inserted to the full depth of 2 mm below the 
surface of the bone. The first x-ray was taken when a load was applied 
of 3 kgm.
The 25 mm blade was now removed from the bone and shortened to 
15 mm reinserted and tested by reapplying the load of 3 kgm. Finally, 
the blade was removed and shortened to 5 mm reinserted and retested 
with the same load. The deformations at the surface of the bone 
were measured on the three x-rays.
Results
The results are plotted in Fig. 18.
Gonclusions
There were insufficient results to pronounce on the non linearity
of the relationship between the length of the blade and the deformation.
However the results show trends for the deformation was increased from 
-3 .1.4 to .75 x 10 inches as the length increases from 5 to 25 mm.
This would suggest that a blade would be most effective in a site 
for the replacement of two molar teeth.
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BLADE IMPLANT Summary of the results in tabular form
TABLE 11 Blades
deformation 
at 3 kgm
(xl0”3)
(cms)
2.5 .7 .12 1.01
1.5 .7 .12 2.032
.5 .7 .12 ; 3.30
2.5 .5 .12 2.54
■ i
2.5 .3 .12 4.57
Length Depth Width 
cm cm cm
The bipin as shown in Fig. 20a was tested as a compromise shape. 
The problems of containing a large site for a blade, the need to 
unite more than one pin in a complex by a superior method than the 
use of plastic, and the advisability of spreading the concentrated 
load suggest that a bipin would have advantages. The cross-sectional 
profile would be similar to that of a 2 x 1.5 mm pin joined with a 
short blade. The extension of the blade portion would diffuse the
load. The deformation of the 5 mm long blade tested in test 9 was
-3 . .1.3 x 10 inches at 3 kgms. The deformation of a 1.5 mm p m  at
-3.the same load was a .6x10 inches.
TEST 9 - PRELIMINARY TEST 
The bipin was tested under increasing loads as with the single pin. 
Results
The results are shown in Table 12 and the load deformation curve 
is plotted in Fig.
TABLE 12. Bipin
Bipin 2 Pin Tapering 1.5 mm - 1.2 mm 
Blade - 3 mm wide - 4 mm deep
Reproducible Limit 7.5 kgms 
„ „ -3
Deformation at surface .7x10 at 3 kgms
Load Height 3 times more deformation
at 12 than at 4 mm
Conclusions
No firm conclusions are possible regarding the bipin except 
that the deformation at 3 kgms of .7 units compares favourably with 
the deformation of the 25 mm blade under a similar load and of .4
units. It must be remembered that a bipin would occupy the space 
for one molar.
The bipin in the preliminary tests appears to have certain 
advantages which would make this implant a useful addition to the 
designs. Its big advantage compared with the pin is that there is 
no need of a plastic junction to other pins.
The implant would be more flexible in use than a blade. Its 
disadvantage would be that the insertion is more difficult and in 
the lower jaw, as with all pins, the implant would be near the 
dental nerve in the molar region.
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6.7.1 The type of deformation under load (I) Pin Implant
TEST 10 - PIN IMPLANT (1)
The deformation of the pin implant depends upon the mode of 
loading, the properties of the implant and the properties of the 
bone site. In this experiment the deformation of a pin was measured 
along its length in the bone under different modes of loading. 
Procedure
‘ The preliminary test radiographs were used in this study. A pin of
1.2 mm in diameter had been inserted into the bone site to a depth 
of 15 mm. The pin was loaded in increments of 1 kgm to a maximum 
load of 4 kgm. The double exposure technique had been used to 
obtain the unloaded and loaded images of the implant on a radiograph 
at each load.
The deformation of the pin in a lateral direction was measured 
at the surface of the bone and then at different levels until the 
tip.
Results
The deformations of the pin are show in fig. 20
The depth in bone at which no deformation of the pin can be measured 
was noted and the results are shown in Table 13. No deformation was 
measured at the tip.
TABLE 13
Load Depth in Bone of zero deformation
(kgms) (mm)
1 1
2 2
3 3
4 4
Conclusions.
The deformation which could be measured was in the region of the 
cortical bone and the immediate cancellous layer beneath. This 
would suggest that the main deformation is the bending of the pin 
from a fulcrum just below the cortical bone. Thus all the stress with 
this, type of implant appears to be concentrated in the region of 
the crest and this would account for the resorbtion seen in this 
region in clinical cases.
The absence of deformation at the tip may have been due to its 
excellent fixation in hard bone in this experiment and this aspect 
will be studied in the next experiment.
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6.7.2 Test 11. Pin Implant (2) ~ The effect of changing the modulus
of the bone
In this test the previous experiment was repeated using different 
bone sites in which the body and tip of the implant were buried in 
bone of differing moduli. The object of the test was to see if 
rotation of the pin with measurable deformation at the tip could be 
observed. Because of the difficulty of quantifying the bone site 
factor the conclusions from this experiment must take note of this 
fact.
Procedure
» . ' A pigfs mandible was cut into 12 sections and a 1.2 pin was 
inserted into each section to a depth of 15 mm as shown in Fig. 21 
and loaded with a 3 kgm load at 6 mm from the bone surface.
The deformation at the surface was measured from the double 
exposure radiographs taken of each site.
Results
The radiographs are shown in Fig. 21.
The show that the deformation fulcrum in the crest region can 
vary from 2 to 6 mm whilst the fulcrum point for movement of the 
tip can be as far as 7 mm from the tip. The lateral rotation of the 
tip was up to |° under a load of 3 kgm.
Conclusions
It would appear that rotation of the pin implant, in addition to 
bending, could occur when the lower part of the implant is not firmly 
fixed in hard bone. The point of rotation would appear to be in the 
same region as that of the natural tooth, that is in the region of 
2/3rds down the implant. The site conditions under which rotation 
would occur has not been quantified in this experiment so that we 
do not know those conditions which produce the different types of 
deformation although a study of the sites on radiograph would suggest
that the tip is not in hard bone when rotation appeared to have taken 
place.
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6.7.3. Test 12 ;
Blade Implant
The blade is a stiff implant and it is expected that the deformation 
will be rotational like a tooth with some bending at the neck.
Procedure
The x-rays from the preliminary test on the blade 2.5 cms long 
and .5 cms in depth was used for the experiment. The deformation 
of the blade was measured from the bone surface to the tip from the 
double exposure radiographs which were taken at each load level.
The loads on the blade were between | and 5 kgms.
Results
I . '
The results are plotted in Fig. 21b.
There was no measurable rotation up to a load of 2 kgms.
There was a J° rotation at 3 kgms, f° at 4 kgms and 1° at 5 kgms.
The deformation''at the surface of the bone under a load of 3 kgms
-3 .was .4 x 10 inches compared to that of a 1.5 mm p m  which was
-3 ..5 x 10 inches.
Conclusions
The lack of discernable movement at the tip of the blade at low 
loads suggests that there is some deformation of the neck of the 
blade. The rotation of the blade was measured at the higher loads 
and would appear to be the predominant type of deformation. The 
rotation was expected with this rigid implant. No sideways displacement 
was measured although this would be more likely to occur when the load 
was near the elastic limit and when the bone modulus was low.
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Considerable difficulties arise when attempts are made to study 
the effect of variation in bone site factors because of the problems 
of quantifying these factors. Thus the conclusions from such 
experiments must be made with great care. In the test different sites were 
tested by sectioning a mandible of a pig for the purpose of studying 
the effect of anchoring the pin in bones of different moduli. These radiographs 
are also . useful to study the extent of the variation in the magnitude 
of the deformation when the site is changed and the mode of loading 
and the properties of the implant are constant.
6.8.1 Test 13 The effect of anchoring the pin in bone of different moduli 
Procedure
A pin implant of 1.2 mm diameter was inserted into each bone 
site to a depth of 15 mm. A load of 3 mm was placed on the implant at 
a height of 6 mm from the bone. The double exposure technique was 
used to produce the double image. The deformation at the surface of 
the bone was measured.
Results
The results are tabulated in Table 14 and graphically in Fig.22
TABLE 14. Deformations produced in different sites under similar 
moment and with constant implant properties.
Section Average thickness Deformation inches
cortical bone (cms) (x 10“ )^
4.3 
2.0 
3.55
2.54
2.9
2.54
3.55
3.55
2.9 (cont'd 
overleaf)
1 .4
2 .45
3 .45
4 .5
5 .6
6 .4
7 .6
8 .5
9 1.0
TABLE 14 , (continued)
Section Average thickness Deformation inches
cortical bone (cms) (x 10“ )^
1.0 3.8
1.0 2.54
.7 4.5
Conclusions
No conclusion can be made from these results as to the 
implant site factors and the relation between each factor and the 
deformation. Hoitfever there is a variation between the highest and 
lowest deformation at the surface of the bone of from 2 units to
4.5 units.
This would suggest that there is an important relationship 
between the site factors and the magnitude of the deformation at 
the surface of the bone although this experiment does not show the 
relationship.
The variations in the sites as seen on radiograph raise the point 
about the variation in sites in vivo. Clinical experience has 
shown that there is such a wide variation in the mouth.
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6.9 Summary of the analysis of the data and the conclusions which
can be made from the series of laboratory experiments.
Laboratory experiments in which implants are tested using dead bone 
provide a considerable amount of data. A number of assumptions must 
be made when analysing this data and attempting to form conclusions 
which will add to the knowledge about implants and assist clinicians 
who are inserting implants in vivo conditions. The first assumption 
is that when a force acts against the exposed post of the implant the 
distribution of the force at the interface between the buried 
portion of the implant and the bone will be the same using dead bone 
and in the in vivo situation. Thus the stresses produced at the inter­
face will be the same whether the implant is tested in the laboratory 
or inserted in to the jawbones of the living patient.
The next assumption which is made is that high stresses are more 
unfavourable to the bone than low stresses or alternatively that the 
lower the stresses at the interface when the implant is in function then 
the greater the chances of success. The third assumption is that there 
is a connection between stress concentrations at the interface and 
subsequent resorbtion.
Once these assumptions are made then the laboratory experiments 
are useful in testing design features so that implant designs can be 
improved and conclusions can be made about the optimum situation for 
a particular implant.
The laboratory experiments are also helpful for the study of 
those factors which affect implant performance no matter what design 
or implant material has been used. A good example of such a factor 
is the mode of loading.
A further purpose of these tests is to explain the clinical data 
relating to the performance of the implant. At the same time the 
clinical data may provide evidence that one of the basic assumptions
made in the test has been correct. A good example of this interrelation 
between the laboratory tests and the clinical findings is the fact that 
radiographs show that part of the crest of the alveolar ridge has 
resorbed in the area of the implant. Photoelastic tests show that 
the greatest stress occurs in the region of the crest whilst the 
double exposure radiographic tests show that the greatest deformation 
occurs at the crest. Thus the onset of resorbtion, stress concentrations 
and deformation are shown to be related.
In the laboratory tests some parameters which effect the 
deformation at the critical area of the surface cortical bone, where 
the stress concentrations have been found to be the maximum in previous 
experiments, have been studied.
The double exposure radiographic technique has enabled the dis­
placement of different implants at the surface of the bone to be 
measured in a variety of loading and design configurations. The 
value of the technique is that it affords a means of studying the 
changes in the magnitude of the deformations at the interface as 
the load, and implant factors are altered one by one in a series of 
controlled experiments.
The first parameter which was tested was the mode of loading.
For the implant designs tested the magnitude of the deformation 
was proportional to the applied moment. For both the pin and the 
blade the deformation at an offset of 12 ran was three times the 
deformation at 4 mm.
An examination of radiographs of clinical cases has shown that 
over 80% of the sites have lost over 4 mm of vertical bone so that the 
prosthesis over the implant must have a greater vertical height than 
the original tooth with an increased moment. This factor should 
always be taken into account when a case is assessed and when the 
type of prosthesis is selected.
The second parameter which was tested was the properties of the 
implant. It was found that the geometric shape of the implant was a
significant parameter because the distribution of the shape about 
the neutral axis i.e. the value of the 2nd moment of area (I) 
affected the magnitude of the stresses. For the pin implant small 
changes in the diameter caused comparatively large changes in the 
magnitude of deformation. The increase in the diameter from 1 to
1.5 mm reduced the deformations from 7,1 to 1.52 units. In the case 
of the blade the reduction in the length from 25 to 5 mm increased 
the deformation from 1.01 to 3.30 units whilst the reduction in 
depth from 5 to 3 mms increased the deformation from 2.54 to 4.57 
units. Thus increasing the value of I and also the flexural stiffness 
of the implant reduces the deformation.
It was of interest that increasing the value of the second 
moment of the area of the implant only on the critical area at the 
crest reduced the deformation thus a pin of diameter 1.2 mm was 
deformed 3.04 units whilst a pin of 1.5 mm diameter was deformed 
1.52 units in the crest region under the same loading conditions. 
However when the pin was redesigned so that only the portion of the 
implant in the region of the crest had the maximum width of 1.5 mm 
then the deformation in the same site and under similar loading 
conditions was 2.03 units. This was a significant decrease in the 
deformation and showed the importance of the geometric shape of the 
implant in the region of the crest. Implant design is often a 
compromise because of the problems of lack of bone so that a design 
which increases the flexural stiffness of the implant in the critical 
region whilst enabling the remaining portion of the implant to be of 
reduced volume is of practical advantage.
Beyond the critical area of the bone crest the increase in length 
of a flexible implant such as the pin has a main purpose of obtaining 
a good fixation of the tip. For the pin it was found that increasing 
the length/diameter ratio was only useful up to an optimum 16.
For the blade implant no optimal length and depth were found. However 
it was shown that, though the relationship between the length and 
deformation was not linear the deformation decreased as the length 
increased. Thus a blade of 25 mm in length produced a deformation 
measurement of .4 units whilst a blade of 15 mm in length and one of 
5 mm produced deformations of .8 and 1.4 units respectively. Thus 
within practical limits an optimal site length of the space for two 
molar teeth is envisaged.
It was found that a depth was linearly related to deformation 
with an added factor in the case of the blade implant that the depth 
of the shoulder was below the surface of the bone. Thus an implant 
of 25mm in length and 3 mm deep had a deformation measurement of 
4.57 units whilst if an implant of 5 mm in depth was inserted to 
7 mm that is 2 mm below the crest then the deformation was measured 
at 1.01 units. Thus it could be concluded that the blade should be 
inserted to at least 7 mm.
It was found that the extension of the implant along the length
of the bone i.e. the blade, had the effect of reducing the deformation
in the cortical bone to .33 of those produced by the 1.2 mm pin however
at the cost of increasing the dimensions of the site to the volume
which would be occupied by two molars. The mode of loading affected
the deformation in the same manner as with the pin with a three times 
increase in deformation when the offset was increased from .4 cm to
1.2 cm.
Preliminary tests were made of an implant design which was 
a combination of the blade and pin and the deformation of .7 units 
at 3 kgms compared to .4 units deformation of the blade suggested 
that further tests should be made of.this type of implant.
The predominant type of deformation with a pin was bending
whilst the blade acted more like a rigid body and rotated about an
axis near the apex. There was a rotation of 1° at 3 kgms load.
The sideways movement was negligible.
The disadvantage of the pin implant is that only a small area 
of the implant is related to the significant deformation. Thus the 
stresses at the interface are concentrated to a large degree at the 
crest. For the blade the stresses are more diffused over the body 
of the implant. However with both types of implants the maximum 
deformation occurs in the region of the crest.
It was found that there was a variation in the magnitude of the 
deformations when an implant with the same properties and under the 
same mode of loading was tested in different bone sites. There was 
a difference in the deformation of from 2 to 4.5 units in the 12 sites.
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Thus one could say that there is some relationship between the site 
factors and the deformation but the data is inconclusive in 
determining that relationship.
The deformation measurements in these experiments have proved a 
useful standard for comparing the factors which affected the magnitude 
of the deformation at the critical level of the cortical bone. These 
experimental results were in accord with those of the previous 
experiments regarding the mode of loading and the geometric shape of 
the implant and the length/diameter ratio.
When the laboratory experiments are related to the in vivo 
situation the interrelation of the properties of the implant and the 
bone must be borne in mind. This is particularly important regarding 
the flexural stiffness of the implant. Whilst the greater the magnitude 
of the value of El the lower the stress concentration applies to the 
properties of the implant, at the same time these properties must 
always be related to the properties of the bone. Thus the modulus 
of the implant must always be considered in relation to the modulus 
of the bone.
In these laboratory experiments some of the important
parameters regarding the mechanical behaviour of the implants have 
been investigated. The results of the experiments will be applied 
in Part3 when methods of assessments of the- load and the site will 
be discussed.
PART 3
THE PREDICTION OF IMPLANT PERFORMANCE.
CHAPTER 7
THE PREDICTION OF IMPLANT PERFORMANCE
7.1 An Analysis of 282 Clinical Cases
In the four years preceding this project 282 implants were
completed and had been re-examined for up to a period of at least 
18 months. During the project the re-examination has continued 
on many of these cases. Three designs of implant were used in these 
cases of a proportion, pins 132, blades 108, screws 42 cases respectively.
These cases may be divided into three types, the unsupported 
implants which were mainly single teeth, the free end saddles which 
formed a terminal support of a bridge and the intermediate implants 
which were splinted, both anteriorly and posteriorly, to standing 
teeth. The number of cases in each category are shown in Table 14 
overleaf.
After a minimum of 18 months only 58% of pin cases, 66% of
blades and 50% of screw cases were considered satisfactory, i.e.
114 out of 282 cases. The longest term case was 7 years. However 
the success of the intermediate abutment cases was considerably 
higher than the other types, over 90%. Cranin (1973) also found 
that the lightly loaded intermediate cases were more successful 
than other types. This means that the success of free end saddle 
and unsupported implants was under 40%. The definition of success 
will be discussed later in the Chapter.
TABLE 15. The Different Types of Clinical Cases
Teeth
replaced
Maxilla 
antr. prem. molar
Mandible 
antr. prem. molar
Pin
Free end 
saddle 2 36 1 8
Intermed. 13 7 5
Single
unsuppt.
Blade
50 5 5
Free end 
saddle 10 65
Interm. 5 8 5 7 3
Single
unsuppt.
Screw
5
Free end 
saddle 3 20
In term. 12 2 5
Single 
unsuppt.
All the implants which were not considered satisfactory 
showed considerable resorbtion of the interface bone. This 
resorbtion always first occurred in the surface region of the 
alveolar crest as shown in Fig. 1. In the laboratory experiments 
the areas of high stress concentration have been studied and related 
to the areas of resorbtion.
It would be expected therefore that resorbtion would take place 
first in the interface area of the highest stress concentration that 
is at or just below the crest.
In fig. 23 the various stages of resorbtion, as seen in clinical
cases, are shown by reference to 6 cases. The first case, marked 10, 
is a single tooth replacement in the lower canine region using a pin 
tripod. It can be seen in the first radiograph on the right that 
there is already a loss of bone at the time of insertion with no well 
defined cortical layer. However the pins are firmly fixed in the 
cortical bone of the inferior border so that it would be expected that 
the tripod would remain firm up to the mid term although resorbtion 
might occur at the crest. It would be expected that resorbtion would 
progress through three stages, first, the increase in porosity of the 
interface bone then the formation of a definite tapering elliptical 
hole with the buccal or labial and lingual or palatal aspects of the 
bone crest intact and finally the destruction of the cortical shell 
and the formation of a new bone crest lower down the implant. This 
process can be compared to the bone destruction associated with the 
overloading of a tooth or periodontal infection.
It can be seen that in the control radiograph taken after two 
years that the area of bone at the crest is showing the indications 
of resorbtion denoted by the increase in lightness of the bone image 
compared to the original bone. The most affected area is at the crest, 
and the bone around the junction of the pins is the next area to show 
changes. The third radiograph taken after four years shows that a new 
crest has been formed at a lower level. The signs in the mouth were the 
signs of periodontal disease that is chronic inflammation of the 
gingival mucosa and pocketing. The implant remained firm. Two factors 
may have contributed to the resorbtion, the decision not to splint the 
implant to an adjacent tooth and the fact that two of the pins appear 
close together. It is of interest that the patient was not complaining 
of symptoms. In this case a gingivectomy and curettage of the bone 
was performed to prolong the life of the implant. This treatment 
highlights the problems of success or failure for many dental surgeons 
would report the case as a success whilst others would suggest that it
is a probable failure and still others would pronounce the treatment 
a failure.
In the second case shown in fig.23 marked 8, another single 
tooth unsplinted replacement is shown, this time in the upper jaw, 
premolar region. In this case there were no problems for four years 
until a new crown was constructed and fixed to the implant. It was 
decided that the load on this implant could now be increased and 
accordingly the cuspal angle was increased. The check radiograph 
taken two years later showed a marked loss of bone and a new crest.
This case highlights another problem which complicated the assessment 
of the loading, that is that many surgeons deliberately reduce the 
load on the implant by using flat cusps.
The third case, marked 4, shows the progression of the resorbtion 
which now affects the bone around the adjacent teeth. At this time the 
implant had become mobile. Once again the implant was unsplinted to 
the adjacent teeth.
The fourth case, marked 29, shows the loss of bone in the crest 
region around a single tooth blade in the lower incisor region. In 
an attempt to retain the implant which showed signs of failure in 1 
year, two pins were inserted and joined to the implant. However as 
the four year radiograph shows this prolonged the life of the implant 
only at the cost of bone loss.
In the fifth case, marked 23, a fixed bridge was inserted 
supported by four screws and two natural teeth. The bridge was opposed 
to a denture in the maxilla. After four years the changes in the bone 
could be seen on the radiographs. In the case of the screw bone 
changes appears to affect the remaining interface bone more quickly 
than with other implants once signs are present that the crest bone is 
starting to resorb. The features of interest in this case was that the 
patient was not in good health with a blood dyscrasia and that all the 
available bone was not used in this case due to the non availability of 
longer screws at the time.
In the final case, marked 27, the resorbtion around a blade 
implant is shown in an occlusal radiograph. One of the problems 
of the large blade is that the implant can remain comparatively firm 
and yet the bone is being gradually resorbed.
The demise of the implant depended on the extent of the splinting, 
associated infection and the magnitude of the overloading. Eventually 
in these cases there is mobility of the implant and loss of function.
Care was taken to distinguish between the resorbtion caused by 
trauma due to the overheating of the bone chemicals and infection and 
the resorbtion caused by over-loading. The traumatic and infective 
resorbtion is immediate and affects the areas of bone in contact 
with the trauma and infection. Thus in the case of overheating during 
insertion the entire interface bone might be affected.

In the clinical cases there was a variety of loading conditions 
from the lightly loaded splinted single tooth against an opposing 
dentition of a denture to the edentulous upper against natural 
dentition. Similarly, there was a variety of different sites 
varying in dimensions and degree of mineralisation. The most 
successful combination was that of a light load and a large quantity 
of high bone of a high degree of mineralisation. Conversely the 
least favourable combination was a heavy load and a small porous 
site (low mineralisation).
However, implants in some good sites failed and some implants 
which were lightly loaded showed resorbtion. Thus the mechanical 
behaviour of the implant appeared to depend on the combination of 
the loading with a particular site properties. Each site must have 
a maximum load capacity and providing the load does not exceed this 
capacity the implant will be mechanically sound. The lower the 
loading capacity the lower the load limit. Thus if there was some 
means of assessing the load and the site and relating the two then 
an assessment of the load capacity could be made for a particular 
case. This assessment scale could be calibrated by relating to implant 
performance. In order to obtain an assessment of the probability 
of success in utilising a particular implant configuration on a given 
site, in the first instance, a quantitative judgement must be made 
of the site and the magnitude of the loads which must be sustained. 
Inevitably such a judgement will be arbitrary, but can be used to 
test the effectiveness of this approach. .
For the successful implant the mechanical and biological effects, 
as shown in Fig. 23b must be related in such a way that the 
biochemical response of the bone to the applied stress will not 
produce adverse effects.
In order to assess these effects, the factors which must be 
considered are shown in Table 16.
TABLE 16 The mechanical and biological factors
MECHANICAL FACTORS
1. Mode of Loading
a. Physiology b. Opposing dentition c. Height of tooth crown 
(muscularity) (natural or artificial) (Tooth Geometry)
2. Load Diffusion.
a. Splinting to adjacent teeth and mucosal support.
b. Properties of Implant
i. Geometric shape. ii. Modulus (degree of mineralisation)
4. Properties of Bone
a. Dimensions b. Modulus of cortical and cancellous bone
(degree of mineralisation)
BIOLOGICAL FACTORS 
a. General and oral health b. Eating habits
c. Nervous habits d. Psychological
(Bruxism) (co-operation)
Each implant design was considered separately.
It was assumed that each implant has used the available bone 
to the full so that differences in the dimensions of the implant 
e.g. the length of the blade, can be said to be due to the 
differences in the dimensions of the site and would be related to 
the site assessment, e.g. a blade of 10 mm length would be related 
to a site with a low length dimension and consequently a lower site 
assessment number.
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7-2 A Method of Assessing the Implant Site
The density pattern of the bone in the upper jaw is different 
from that of the lower j aw and this is confirmed by the appearance 
of the jawbones on radiograph. A typical mandible bone shows a thick 
cortical layer and the pattern of the bone trabeculae below this 
layer is dense. In the upper jaw the cortical layer is thinner and 
the tabeculae are more spaced. These two types of bone are easily 
recognised on radiograph and form the basis of this assessment. The 
laboratory experiments have shown the minimum optimum dimensions of 
the bone site for the different designs of implant as shown in 
Table 17.
i •
TABLE 17 Optimal bone sites for different implants based upon 
the clinical experience and the laboratory tests.
Design Depth
SITE
Length Thickness (mm)
Blade 8 15 5
Pin 15 \ 5 5
Screw 10 ■ 5 ■ 5
The bone has been divided into four classes as shown in Table 18.
TABLE 18 Classes of Bone Site
Class 1: Typical mandibular bone sufficient in
quantity for optimal implant insertion
Class 2: Typical maxilla bone sufficient in
quantity for optimal implant insertion
Class Typical maxilla and mandibular bone with
less than the optimal dimensions
Class 4 Mandibular and maxilla bone reduced in both
quality and quantity to below the optimal
The assumptions which are made are that the densities of bone in the 
same class are the same and that the different bone types can be 
recognised on radiograph. It is also assumed that the variety of 
cases in class three and four will not reduce the effectiveness of this 
test. Thus a mandibular site which is reduced in width would be in 
the same class as a maxilla site reduced in depth. In the first 
two classes any errors will be away from the critical area for the 
sites will be even more effective. In the other classes, errors 
could be more important for the laboratory tests have shown that 
changes in site factors can cause significant variations in the 
deformation.
In order to assess the site in a quantitative manner site 
units have to be assigned to each site class. The laboratory 
experiments have shown that changes in site modulus, profile and 
dimensions can cause an overall change in the deformation in the 
order of 2/1. Thus it was decided to give the following assessment 
to each site class:
Points
Class 1 1
Class 2 2
Class 3 3
Class 4 4
The effective loading of the site x^ hen the actual load is L 
will be 1, 2L, 3L and 4L for class 1, 2, 3 and 4 respectively. Thus 
the better the site the less the effective loading and the less will 
be the possibility of overloading the bone.
\
7.3 A method of assessing the implant load;-'
In order to derive a quantitative composite factor for the implant 
load the data of other investigators has been used and this body of
work has been summarised in the review of the previous literature
(Chapter 3.1, Forces on natural teeth and implants, page 41.)
A number of factors have to be taken into consideration when the
loads on teeth are considered. These factors are both mechanical and 
biological and figure 23b summarises these factors which will now be 
considered separately so that assessment of each factor can be made.
.31. Mode of Loading.
The mode of loading will depend upon a number of mechanical and 
biological factors and for the purposes of analysis three main factors 
have been considered and assessed. These factors are Muscularity, 
the Opposing Dentition and the Tooth Height.
la. Muscularity
The nomenclature has been derived from the composite factor called 
Musculature of Watt et al. This factor must take into account.the 
general physical development, age, sex, and the eating habits of the
patient. This factor has also been enlarged from the Musculature 
factor of Watt et al to include what they termed the pain and 
discomforture threshold.
It was felt that data on Musculature factors would automatically 
include Such thresholds because of adjustments which will be made 
automatically by the patient when forces are placed on the teeth.
The data which is significant in this respect is that data which 
can show the difference between the loads on teeth measured in the 
mouth of a young male of sensitivity and an elderly female of high 
sensitivity. This type of data enables the range of this factor to 
be assessed. The data which has been used is that of Thylman et al 
who measured the vertical forces on the teeth of a variety of different 
individuals with a wide range of ages and divided between the sexes.
They found that there was a difference between the average loads 
measured on natural teeth in females to those measured in males to the 
order of 39 to 55 units. These figures took into account the different 
loads in all parts of the mouth. Similarly they found that the 
variations in load throughout the mouth were in the order 35 to 88 
units. Thus it can be argued that a difference of 2 to 1 would cover 
the sex, age and tolerance factors without including the other load 
and the biological factors which would be responsible for the extreme 
results. It was also felt that this factor should be assessed'around 
the normal score of 1 so that variations could be compared in a positive 
and negative manner to the norm. This factor of Muscularity was 
accordingly assessed at .75 to 1.5.
lb. Opposing Dentition
The magnitude of the occlusal load will be affected by the 
abnormalities such as missing or malaligned teeth. Inevitably the 
type of restoration used to correct such abnormalities will also 
affect the load applied to the implant.
Howell and Manley have measured the maximum vertical forces on 
natural teeth, Anderson quantified the maximum forces during a chewing 
sequence whilst Thylman et al measured the vertical forces on natural 
teeth, fixed bridges and removable prosthesis. Finally Watt et al 
measured the maximum forces on natural teeth and partial dentures 
and Yurkatas and Curby studied full and partial dentures.
A correlation of this data published by Brumfield (1954),
Yurkjstas and Curby (1953), Thylman (1960), Howell and Manley (1948) 
and others, which has been discussed in Chapter 3, suggests that the 
effect of different restorations may be quantified as follows:- .
( Type of prosthesis
Natural tooth 
Tooth bone dentures 
Tissue bone dentures 
Full denture 
Fixed bridge (1 pontic) 
Fixed bridge (2 pontics) 
Fixed bridge (3 pontics)
Proportionate reduction 
in occlusal load
0
50%
67%
80-85%
15%
40%
53%
These results suggest that there will be over a 6:1 difference 
between the loads induced in a normal occlusion and the least 
effective method of restoring the opposing dentition. Thus if 
the normal load is 1, the range would be .15 to 1.
lc. Tooth Geometry
The geometry of the crown required to restore the original 
occlusion should be the same as the original crown. However if 
bone has been lost the height of the tooth crown constructed to 
fit over the implant will be longer than the original tooth. Radio­
graphs of clinical cases show that the extra height could be as 
much as 8 mm. The laboratory tests which have been described show
that the deformation can be considerably increased as the height of
the prosthesis has to be increased to restore the occlusal plane.
This is due to the increased bending moment. This can be confirmed
by considering the formula shown in Fig. 3, i.e. bending moment
at the surface of the bone = Hx + Vyc J c
H = the lateral force, V = vertical force, x = distance from the
c
bone to the point of application of the force, y^ = the distance 
to the load point from the tooth centre.
If the restored crown is exactly in the same position as the
original crown, the bending moment will only be altered by changes
in the tooth height and not the offset. Thus:
For a tooth height of 6 mm. Bending moment = 6F + offset moment
12 mm. 1 " . = 12F + " "
This factor has therefore been assessed at .5 to 1.
7.3.2. Load diffusion
a. Splinting to the adjacent teeth and mucosal support
Clinical experience has shown that standing teeth can support
additional loads. For example when a missing second premolar is restored 
with a 3 unit bridge. The load diffusion capacity of such a bridge will 
depend upon the flexibility of the restoration and the load bearing 
characteristics of the tooth roots involved.
When a natural tooth has been lost changes take place in the 
bone site so that the available area of support for an implant may 
show a support area deficit if the interface area is compared to the 
periodontal area of the original tooth. Watt et al showed how great 
was the support area deficit when a tooth was replaced by a saddle 
denture. They found that almost | of the support had been lost.
Both Watt et al and Thylman et al showed there was a relationship 
between the loads on a natural tooth and the periodontal support area. 
Thus the maximum loads were measured in the first and second molar 
areas.and these teeth had the maximum periodontal support.
Clinical experience has shown that a premolar and a molar can 
support an additional premolar in a three unit bridge. If the load 
on the teeth is considered as the equivalent area of root support then 
one unit of root support can support an additional unit of load if the 
average areas of the roots of the different teeth are taken from the 
tables of Thylman et al. Thus the average area of the molar is 350 
sq.mm and that of the premolar 135 sq.mm and in the three unit bridge 
the load equivalent to 485 sq.mm supports the additional load of 265 
sq.mm.
The work of Watt et al has shown that the mucosal support in a 
saddle is f that of the original support area therefore one can expect 
an additional | unit for mucosal support in the immediate area.
If the implant is unsplinted then it must support 100% of the load. 
The maximum load sharing would be expected when an implant was inserted 
as an intermediate abutment. If a canine and a first premolar were 
missing and an implant inserted and splinted to the second premolar 
and the first and second incisors then the total load of the missing 
teeth would be the equivalent of 280 sq. mm of support area and the 
splinted teeth could support an additional load equivalent to half the 
support area, in this case 177 mm. If mucosal support was obtained in 
addition then more load could be shared equivalent to a | of the support 
areas of the missing teeth, that is 72 sq.mm. Thus the maximum load 
diffusion would be 249 out of 288 units, that is over 85% leaving a load 
of 15% approximately to be borne by the implant.
Thus the maximum load diffusion is 85% and the minimum is o. Using 
a norm of 1 the ratio used was thus from .2 to 1.
The surface area of the periodontal membrane associated with 
the remaining teeth and the missing teeth can be estimated by converting 
measurements made on x-ray films into an effective root area using a 
formula suggested by Jepson C1963). Jepson first measured the surface 
area of the roots of 238 extracted teeth. He then calculated the 
constants in the formula: 
y = a + bx
y = the root surface area, x = the x-ray surface area.
He used the method of least squares to calculate the value of the 
constants for incisors, canines, premolars and molars.
2b. The properties of the implant
There are two considerations in respect of implant properties, 
the material and the geometric shape and dimension. Properties such 
as the flexural stiffness and the surface area of the bone in contact 
with- the--implant-■have- to-be- considered-..-
In respect of the material, the main problem was that the pins, 
blades and screws were made of different metal. Thus the Scialom pin 
was made of Tantalum, the crews and the Linkow blades were made of 
Titanium. It was felt that if each of the different designs were 
considered separately then this would enable in the first instance a 
screw to be compared to another screw made of the same material.
In respect of the geometric shape and dimension it was first 
thought that the surface area of the implant might be the criterion 
but this area depended upon the dimensions of the bone site and 
duplication might occur with the same properties being included in 
two factors.
The site factor which could include all the dimensions of the 
bone and the modulus appeared to be a more accurate reflection of 
these qualities. However the surface area of the implant did vary 
within the same design and clinical experience and the laboratory
tests have shown that implants of a particular size which appear to 
be more satisfactory than others of a different size although the 
design was the same. Thus it was felt that there should be added an 
extra criteria which could be applied when the site factor was assessed. 
Thus in the clinical tests the blade implant has been found to be most 
successful when it is inserted into a site equivalent to two molars 
and with a depth of bone of at least 7 to 8 mm, and a thickness of 
bone of at least 5 mm, although blades had been inserted in all types 
of sites. A screw on the other hand needs greater depth of bone, at 
least 10 mm for optimal results. When the site, therefore, is evaluated 
these criteria will be borne in mind and a lower assessment will be 
given if these optimal dimensions are not met.
Thus by separating the implant designs and by including optimal 
dimension critera in the site factor the properties of the implant 
could be assessed.
7.3.3 B. BIOLOGICAL FACTORS
a. Health
The general physical well being and willingness to maintain 
a high standard of oral hygiene will in the long term be a 
significant factor in determining whether the implant becomes 
loosened. The likelihood of difficulty arising from this source 
can only be assessed by considering the previous history and the 
current dental health of the patient.
The assessment of this factor was difficult for how can one 
quantify health? However, it was finally decided that a good 
measure of the state of the mouth was the amount of pocketing 
around the standing teeth for such pocketing is associated with 
inflammation and bone loss and would be a measure of the degree 
of inflammation in the mouth, a similar approach to that of Watt 
et al (1958).
They used what they called their periodontal disease scoring 
method to quantify this factor. However modifications had to be 
made so that an assessment could be made from the patients original 
x-rays taken at the time of the first examination.
The maximum pocket was fixed at 5 mm and minimum at 1 mm thus 
if a point is given for each mm of pocket a 5 to 1 difference exists 
between the extremes of range. If the normal health assessment is 
.2 the worst assessment will be 1.
All the characteristics and their proportionate load carrying 
capacity are summarised in Table 19.
TABLE 19. Factors affecting the load carrying capacity of an 
endosseous implant
Characteristic Proportionate load
carrying capacity
lowest highest
A Muscularity 0.75 - 1.5
B Opposing dentition 0.15 - 1.0
C Load sharing or splinting 0.20 - 1.0
D Geometry 0.50 - 1.0
E Health 0.20 - 1.0
If it is assumed that each of these five characteristics 
exerts an independent influence on the load which a particular 
implant is required to sustain, then the total load bearing capacity 
may be expressed in terms of the. product of the loading factors which 
are associated with each characteristic. It follows that it is the 
proportionate change in land carrying capacity, rather than the 
absolute value which becomes important in comparing different 
implant configurations. The range of implant loads implied by the
It follows that the overall load bearing capacity of an 
implant will be given by the product:
LOAD FACTOR = A x B x C x D x E  
and will be in the range 0.002 - 1.5.
The arbitrary nature of the assessments of the sites and the 
loads is justifiable if the relation between the magnitude of the 
loads and the difference in quality of the sites is preserved in 
the assessments. A more acceptable method of assessment would 
have been to develop a biting device for the direct measurement 
of the loads and to measure directly the quality of the site. 
However this was not possible for all cases had already been 
completed and only the dental records were available to give data 
about the patient at the time of the diagnosis.
However, it can be argued that if the assessments are 
incorrect then cases which have a similar site and load combination 
will give different results and show that their assessment was 
wrong.
Another possible criticism of this technique is that many of 
the low assessments would not be considered for treatment in any 
event. For example a tooth with a pocket of 5 mm would probably 
be loose and unsuitable as an abutment. However, cases have been 
treated, following treatment of the gingival mucosa, because it 
was not known at the time which combination of site and loads 
would be successful. It has already been noted that the literature 
of the period contains many examples of poor sites and heavy loads 
on implants for which success has been claimed.
7.4 The Conversion of the Original Data from 282 Cases
into Site and Load Factor Numbers
The original data was obtained from the dental records of the 
patients and the X-rays. In each case the five load,factors and 
the site factor has been calculated. The original data has been 
organised in the form of an assessment table.. A typical case 
history converted to load and site assessment tables will now be 
described.
CASES DATA
Case 1:
General Data 
Missing Teeth 
Age 
Sex
General Health
Attitude
Mouth examination
Lower first and second incisors 
55 years
Female -
Good, no major illnesses except a 
car crash 3 years ago from which 
she has recovered.
Conflicting. The patient is most 
anxious to replace her teeth lost due to 
car crash injuries by a fixed bridge. 
However she is obsessive about the mis­
fortune of the loss of her teeth and 
suggests that it is a wrong whichmust 
be righted.
The oral hygiene is good but some 
restorations are needed. The occlusion 
is normal.
Habits She is a nervous person and some
bruxism is suspected
History of dental Good history. She has been used as
treatment a demonstration patient in a dental
hospital
Load factors
1. Physiology (Muscularity)
Root measurements
of adjacent tooth 28 sq. mm
from X-ray
Converted root
measurement (y) 124 sq. mm
using formula
y = a + bx.
The area is over 19% lower than average as shown on the Jepson 
Tables. The muscularity is low (Female, Middle aged, low root area) 
and is assessed at .75.
2. Opposing dentition
The opposing teeth have been restored by a fixed bridge and will 
lose 15% of the biting load.
This factor is thus assessed at .85.
3. Load sharing
The proposed implant is unsplinted and thus must sustain the load 
of 2 lower incisors. The maximum load on an implant is 2 molars 
which is assessed at 1. Thus the load in this case is assessed
at .5
4. Tooth geometry
More than 4 mm of vertical bone has been lost so this factor 
is a maximum, i.e. 1.
5. Health
Root measurements of the adjacent teeth show deep pockets (3-4 mm) 
which have to be treated so the health rating is .9.
Site Factor
The site is 7 mm long, 20 mm deep and 3 mm wide. The bone is of 
good quality but there is an ill defined cortical layer. Because 
the bone is less than the required standard width the site is 
assessed at 3.
The case is now tabulated as follows:
Implant to be used - Blade
Teeth Overall Site
missing Load Factors Load No. No.
Mu. 0pp.D. Lo.Sh. T.Geom. Health
12 .75 .85 .5 1 .9 .286 3
It is difficult to make deductions about the frequency of the 
different load factor assessments because the total number of 
cases is small and an entirely different frequency may occur 
with another set of cases. If the five load factors are 
considered, muscularity and opposing dentition cannot be controlled 
by the dentist but the surgeon can change the assessment of tooth 
height, load sharing and health factors.
If the tooth height factor is a maximum the prosthesis can be 
changed from a fixed bridge to a removable denture with a base 
resting on the gingival mucosa. Similarly, the splinting to the 
standing teeth can be increased which would affect the assessment 
considerably in the case of single or double teeth. Regarding the
health factor, the dentist can treat all infection and instruct 
the patient in oral hygiene procedures and delay the implant 
treatment for 1 year to ensure that the hygiene standards are 
maintained.
The frequency of the cases in the different site classes was 
as follows:
Class 1 16.7%
Class 2 34
Class 3 48
Class 4 1.3
Most cases in Class 4 have been rejected, thus a feature of the 
distribution was the large number of cases in Class 3, when the 
implants are inserted into a site which was less than the optimum.
7.5 Re-examination of the functional implant
An implant can be examined in the same way as the natural 
tooth. The implant can be examined in the mouth to ensure that 
the tissues are healthy with no excessive pocketing and that there 
is no increase in mobility. Similarly, radiographs can be taken 
at intervals to study the interface tissues for signs of 
blackening, loss of structure and change in the bone surface. 
Finally, the patient can report any symptoms such as a decrease 
in efficiency or bleeding of the gum when cleaning.
Because the records are not always complete the most 
quantifiable factor is the position of the surface of the bone 
on the radiograph. This technique was first adopted by Cranin 
(1973) who in addition, examined the pockets but his investigation 
started with new patients. The definition of a satisfactory implant 
has to be slightly modified for the different implant designs.
All implants must be firm to digital pressure, the gingiva mucosa
must be healthy and there must not be more than 2 mm pocket between 
the implant and the gingival mucosa.
Blade implant
A satisfactory Blade implant is one which shows on x-ray that the 
bone crest is completely covering the shoulder of the blade.
A problematical blade is one where some part of the shoulder is- 
exposed at the surface of the bone.
A failure is the removal of the implant.
Screw and pin implant
A satisfactory implant is one which part of the original bone 
crest is still intact.
A problematical implant is one in which more than 3 mm of the 
surface bone has been lost i.e. the cortical layer and the layer 
of cancellous bone adjacent to the cortical bone.
A failed implant is one xtfhich has been removed.
The reasons for the definition of satisfactory are as 
follows:
First, the signs and symptoms are interrelated so that 
changes in the surface will also cause pocketing, chronic gingival 
infection, bleeding gums etc. Secondly, the blade definition is 
simple to apply for the laboratory experiments and the clinical 
reports have shown that the shoulder of the blade should be below 
the surface of the bone, or the prognosis is doubtful. For the 
pin and the screw the loss of the cortical layer and the adjacent 
layer of cancellous bone in the area of the greatest stress 
concentration makes the prognosis doubtful.
7.6 A Quantitative Assessment of the Probable Performance
of an Implant
A quantitative assessment of the probable performance of an 
implant in a particular site may be made by combining the separate 
factors which relate to load bearing capacity, i.e. the load and 
site factors.
Following the previous argument an overall performance figure, 
which we designate the STRESS FACTOR, may be obtained by taking the 
product of the load and site factors, thus:
STRESS FACTOR = LOAD FACTOR x SITE FACTOR
i
Since the site factor varies between 1 and 4 as the quality of the 
site decreases it follows that the stress factor can in principle 
lie between 0.002 and 6.
Stress factors have been derived for 282 clinical cases 
involving 132 pin implants, 108 blades’ and 42 screws. The assess­
ment of site quality and the five load factors have been made 
arbitrarily on the basis of the patients' original diagnostic 
records. The subsequent performance of the implant has been assessed 
clinically into one of three categories, successful, problematical, 
or failure. The results of this analysis, which provides a crude 
but simple method of correlating the quantitative assessment of 
implant performance with clinical success, are presented in Table 17 
and are plotted in Figure 24.
Despite the arbitrary nature of the procedure which has been 
used in assigning numerical values to characteristics which are 
commonly described in clinical terms there is a demonstrable 
correlation between the stress factor and clinical performance for 
pins, blades and screw implants. It is interesting to note that the 
stress factors for all the 282 cases considered, fall within the 
range 0.05 to 4, which is considerably less than the extreme values
TABLE 17
CORRELATION BETWEEN STRESS FACTOR AND CLINICAL PERFORMANCE OF 
IMPLANT
Clinical Performance 
Type of implant PIN BLADE SCREW
S P F S P F S P F
Stress Factor
0 0.25 38 53 16
0.2 0.5 32 8 5
0.51 0.75 17 5 8 4
0.76 1.0 3 1 5 4
1.01 1.25 14 4 . 1 1 5
1.26 1.5 9 11 2
1.51 2.0 5 9
2.01 2.50 9 8
over 2.51 5
Perforance rating 
S - Success 
P - Problematical 
F - Failure
yielded by the analytical treatment. More importantly there is a 
sharp distinction between the incidence of successful and problem­
atical results. In the case of pins and blades stress factors 
below 1 can be considered to be satisfactory. The corresponding 
safe stress facts for screws is 0.5 indicating that the latter are 
considerably more demanding in terms of site quality and reduced 
load if success is to be guaranteed. The comparison between the
clinical performance of the implant and the corresponding stress 
factor shows that a CRITICAL STRESS FACTOR exists for each shape 
of implant as is illustrated in Figure 28. For values above this 
factor mechanical success has been achieved whilst below the results 
are either problematical or represent a failure.
Of the 132 pin implant cases, 58 per cent were satisfactory.
The corresponding figures for the 108 blade cases and 42 screws, 
were 66 per cent and 50 per cent, respectively. The lower incidence 
of screx? cases provides an indication of the difficulty of finding 
suitable sites for this type of implant. There is little to choose 
between blades and pins, both in terms of suitability of site and 
inherent load bearing capability.
The analysis presented here suggests that a worthwhile increase 
in success rate could be achieved by employing quantitative methods 
to assess the acceptability of particular site and implant 
combinations. In particular the proposed method appears to indicate 
those cases which are unsuitable for implantology with a high degree 
of discrimination. Clearly any procedure which will yield a more 
consistent assessment of highly variable but critical factors such 
as site quality will be valuable and further studies of this aspect 
of the problem are in progress.
7.7 Discussion of Clinical Analysis.
An evaluation of clinical results using a method of assessment 
which is based on an arbitrary points system is useful if the 
correlation between the site, load and the clinical observations can 
be clearly shown. A definite correlation encourages the development 
of testing devices which would allow a more scientific evaluation to 
be used in practice. The visual examination of radiographs to obtain 
information on the quality of the bone at the proposed implant site
is problematical and an alternative test method for making the 
required measurement seems desirable. The results appear to 
suggest that for blades, pins and screws there is a predictable pattern 
for success and failure. They explain the immediate and medium term 
failures which can be ascribed to poor sites and good sites which 
are overloaded. The lack of a safety factor is apparent in medium 
term failures or problematical cases, and the inadvisability of 
using poor sites is clearly shown.
The ability of the mandibular bone to withstand heavier implant 
loads than the maxilla is shown, although the use of implants in the 
maxilla can be very successful provided the site is adequate and the 
implant is not subjected to very heavy loads. The survey shows that 
all types of endosseous implants can be successful if attention is 
paid to the site and load factors. It also highlights one of the 
major problems of the present generation of implants, that is, 
the large number of cases which involve sites of moderate quality.
The variability of the results in this range indicates one of the 
areas where improved load bearing capacity would increase the scope 
of implant techniques. The combination of diagnosis with theoretical 
analysis is advisable to identify the areas where problems can occur 
and to suggest ways of improvement.
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PART 4
llxe use' of densitometry techniques for
tf he Interpretation of Dental Radiographs
CHAPTER 8
THE INTERPRETATION OF DENTAL RADIOGRAPHS
The main diagnostic testing device used by Dental Surgeons 
has been the dental x-ray machine. The image of the dental site 
on the processed film has been assessed by visual examination, a 
technique which has severe limitations when small changes have to 
be detected. In this Chapter the feasibility of applying more 
quantitative techniques to interprete the images on the processed 
film has been investigated. The limitations of the dental machine, 
the response of the film and the x-ray absorbtion behaviour of 
different materials, including bone, have been tested.
8.1 Radiograph diagnosis by visual assessment
The present system of diagnosis by x-ray interpretation depends 
upon a comparison between the appearance of normal healthy tissue and 
the image of the tissue to be examined. If the tissue image appears 
to be different from the normal then an attempt is made to classify 
the abnormal tissue by comparison with the typical appearance of the 
various types of abnormal tissues. The dentist and the doctor do not 
make a direct comparison inmost cases but rely on experience when 
reading radiographs.
This diagnostic technique is most effective when a sudden 
traumatic incident has grossly affected the tissue e.g. a broken leg.
The changed appearance is clear and an immediate assessment can be 
made. However, it is less effective in diagnosing the changes due to 
disease because their effects on the appearance of the image cannot 
be seen by the eye in the early stages. In the field of dental radiographs
a tooth may give symptoms of bone disease yet there is no apparent 
change on radiograph in the early stages. This is due to the fact that 
changes in the cancellous bone do not become apparent until a 
large percentage of this bone has been lost due to the masking of 
the cortical bone.
Thus the early diagnosis of changes in the inner bone has 
always been difficult using only visual interpretation. The 
problem has been compounded because the appearance of the processed 
film does not only depend on the overall bone density but can be 
altered by the voltage of the tube, the tube film distance, the 
alignment, the exposure, processing procedures and the type of 
film.
Finally, the images seen on radiograph are caused by an overall 
density of the bone, i.e. is the difference between the incident 
x-ray beam and the transmitted beam. Thus the same degree of 
blackness or whiteness of the processed film can be caused by 
different combinations of cortical and cancellous bone.
The efficiency of the present visual detection methods has 
been tested in the laboratory by a number of research workers.
Edelstyn et al (1.967) found that between 50 and 70% of the cancellous bone 
could be removed before the appearance on the radiograph was altered.
Both Ardran et al (1951) and Lachman (1955) reported a lower figure of 30% 
but the conditions of the Edelstyn experiment were more corresponding 
to natural conditions.
To sum up, whilst the current method of visual assessment of radio­
graphs is suitable for gross changes its success has been severely 
limited when small changes have to be detected, i.e. the early 
stages of a disease.
8.2 A quantitative assessment of the image on the
processed film.
The x-ray beam from a dental machine is not narrow and 
collimated and consists of a mixture of different wavelengths of 
energy.
The effect of the spread on the waveband and the different 
wave lengths was not considered in detail. The machine has a 
fixed killovoltage but this can vary with the location and age 
of the machine. Two machines of the same type were used in the 
experiments to study this effect of changing the machine upon the 
quantitative results. Finally, the timing device for exposure 
can vary in accuracy although electronic timers were used in the 
experiments.
When using the dental x-ray machine for quantitative 
experiments certain assumptions have to be made that the 
limitations of the machine will not affect the accuracy of the 
results to such a degree that measurements taken from dental films 
will be inaccurate and not repeatable. The validity of these 
assumptions will be tested in the experiments.
The property of the images on the processed films which can 
be measured is the degree of blackening of the different parts of 
the image. This measure of the degree of blackening is called the 
film density or photographic density and is a comparison between 
two light intensities, the incident and the transmitted light.
-.'.I '
D = Log ~
rt
D = density
1^. *= incident light
I ' = transmitted light
In order’ to measure the density of the film the effect of changes 
in exposure and processing conditions on the density of the film 
must he known. Similarly the relationship between the density and 
thickness of the material subjected to the passage of the rays 
and the film density, i.e. the x-ray absorbtion behaviour of the 
material, must be understood.
The current method of quantitative detection from processed 
x-ray films is to measure the degree of blackening of the x-ray 
image and compare this colour to that of a wedge of homogeneous 
material which has been x-rayed on the same film and whose image 
appears above that of the bone. As the wedge is made of homogeneous 
material the bone density can thus be related to an equivalent 
thickness of \?edge provided that the relation between the film 
density and the wedge thickness is known. The comparison between 
bone density and wedge thickness would be independent of variables 
such as the processing conditions which would affect the lightness 
and darkness of the film but not the comparative difference in 
degree of blackness between the wedge and the bone and this will 
be tested.
The wedge must be carefully selected so that its x-ray 
absorbtion behaviour was similar to that of bone and the relation­
ship between their absorbtion coefficients is independent of the 
wavelengths of the x-rays.
Caldwell and Collins CL961) estimated the density of/vertebral 
bone using this tecnique. Their aluminium step wedge was made up 
of 1 to 10 laminae of aluminium sheets, 3 mm in thickness. One 
hundred samples of the 4th lumber vertebral bodies were x-rayed 
and their density was estimated in terms of step wedge units by 
comparing the transmitted and the incident light by means of a 
6 cm photocell connected to a glavanometer. When the radiographic 
analysis had been completed they converted the vertebrae to ash
and then analysed the content of the bone.
The range of values of calcium content measured in the series 
of cases was from 38 to 102 milligrams per cubic cm. It was found 
that 93% of the specimens were from between 5 to 8 step wedge 
units of density.
They confirmed that the x-ray absorbtion was mainly due to 
the calcium content of the bone. However, they did not analyse 
the relations between film density and the density of the cortical 
and cancellous bone and the thickness of the wedge.
8.3 The processing of the results. The measurement of the 
density of the images op: the processed films using a 
microdens itometer.
The microdensitometer measures the density of the x-ray film 
by comparing the amount of light passing through the images on the 
film with the amount of light passing through a control wedge.
Thus film damage, bending or dust would affect the density reading.
A Joyce Loebl microdensitometer was used to scan the images 
of the wedge on the series of processed films. This machine has a 
scanning resolution to one micron and a range up to 6D (the actual 
available range was to 3D). It has a built in chart recorder as 
shown in Fig. 25.
The machine proved.sensitive to dust and marks on the film and 
on the specimen table. The film, glass on the specimen table, the 
density wedge and the microscope lens were all carefully cleaned 
with alcohol before use. The x-ray was placed between two glass 
sheets on the specimen table and the scanning beam was carefully 
focussed on the wedge. This beam was enlarged to the maximum possible, 
.18 mm, so that the.maximum proportion of the width of the wedge was 
scanned in each trace. The film was positioned against the side of
the specimen table so that the distance to the centre of the wedge 
could be measured and fixed. The specimen table was aligned for each 
film so that the beam passed down the centre of the wedge. The 
table moved in the opposite direction to the chart recorder and 
this movement was fixed at the minimum so that the machine would 
be the most sensitive. A five to one magnification was used so 
that measurements from the trace would be easier. The pen in the 
chart recorder was filled and positioned so that it rested lightly 
on the paper with its nib in a vertical position. Finally, the 
automatic switch was turned and the beam scanned down the wedge 
and the pen recorded the density trace. A number of traces were 
taken to check that the readings were repeatable before the series 
to be analysed was traced. A second series was taken on a different 
occasion for comparison. A final series was taken using a different 
x-ray machine of the same type to see the difference in results 
caused by the change in x-ray machine.
TABLE 18 Microdensitometer Procedure
Microden­
sitometer
Optical
magnifn.
Beam
width Wedge
Specimen
magnifn.
Proportional
Control
Joyce 
Loebl 
111 CS
10/1 .18mm F108
Range
0-3D
5-1 0
-
Feedback
Setting Iris

8.4 The sensitometric response of the film to x-rays
The amount of energy reaching a particular area of x-ray film
\.
and producing a particular density D on the processed film will be 
related to the flux from the machine and the time the flux emanates 
from the machine.
Thus the exposure is the flux multiplied by the time.
EXPOSURE = FLUX x TIME (1)
The flux is also proportional to the distance from the machine to 
the film
2
FLUX = K/d (inverse square law) (2)
This is only true for a point source.
Two sets of films were exposed using different machines and 
different processing conditions. Because the same type of film 
was used the difference between the characteristic curves of series 
1 and 2 would be due to the effect of the processing conditions.
The machines which were used and the processing conditions 
are shown in Table 19.
TABLE 19 The x-ray apparatus and the processing conditions
X-ray Machine Killovolts Film Processing Conditions ..
1. Morita, 60 Kodak Manual developing, Kodak
Mark 2 Fast soln. CAT310 0476
5 yrs.old . 4S-150 1 vol. in 4 vol. water.
Temp. 20°C. Time 4 min.
2. Morita, 60 i? Automatic. Velopex
Mark 1 unit, model B, mk 4
4 yrs.old
The electronic timer on machine 1 enabled exposure times from .01 
sec. to be measured whilst that on machine 2 was only able to time 
from .05 secs. The x-rays were taken from the same batch.
Series 1. .0125, .025, .05, .1, .2, .4, .8, 1.6 sec.
Series 2. .05, .1, .2, .4, .8, 1.6 sec.
Results
The results are shown in Fig. 26
The response of the film was shown to be linear between the 
exposure times of .05 and .1 sec. for machine 1 and between .1 
to .5 secs, for machine 2.
The density range which corresponds to the linear response 
was and within this range are the most useful densities for 
quantitative experiments.
FIG 26 THE CHARACTERISTIC CURVE
OF THE DENTAL FILM
8.5 The relation between film density and material density
or thickness
VJhen x-rays pass through a material some of the energy is 
completely absorbed, some is scattered with no loss of energy 
(Raleigh scattering) and some of the rays are scattered with loss 
of energy and these rays do not necessarily proceed in a forward 
direction (Compton scattering). In this analysis the scattering 
effects have not been considered in detail. Similarly the effect 
of the different wavebands of the dental x-ray machine have not 
been differentiated. This effect however has been reduced by the 
presence of aluminium filters in the machine.
The less dense or thick (in the case of a homogeneous material) 
the material the less the x-rays are absorbed and the more the rays 
are transmitted to the film and the greater the chemical reaction 
with a result that the processed film will be darker. If there is 
no obstacle between the tube and the film then the processed film 
will have the greatest degree of blackening. This maximum degree 
of blackening is called the base density and all other densities 
can be compared to this maximum density. Thus if an x-ray is taken 
of a bone site, the black background around the bone image on the 
processed film is the base density. Let the base density be Dq 
and the density at any point be D.
Let us consider a wedge of homogeneous material as shown in 
Fig. 27. If the wedge is x-rayed then the processed film will show 
an image of the wedge in which the degree of blackening of the film 
changed from the thick end to the thin end of the wedge. At the 
thick end of the wedge the density is low, let this be called 
whilst at the end of the wedge the density if as shown in Fig.28.
For any distance along the wedge there is an equivalent 
thickeness t and the density at this point is D. If the slope of 
the wedge and the distance from the true end of the wedge is known 
then the thickness at any point can be calculated:
t = slope X distance from the end.
Similarly if the height and the slope of the wedge is known then
the point of zero thickness of the wedge can be calculated. The
wedge has been milled so that the point at the thin end will have
some finite thickness and it is the point of zero thickness which
is important as a datum.
As t changes from a value of t at density D to a value 0 at
D then D changes from a value of D to D .
° o
If the exposure is E and the absorbtion is A then it would be
assumed that the change in the exposure due to absorbtion will be
a function of the thickness of a homogeneous obstruction.
If the absorbtion by the bone is A(t)
t = thickness
Then
E = E - A(t) (3)o
E = exposure at any point
Eo + maximum exposure when there is no absorbtion.
Assume
^  = kEdt (4)
Then differentiating equation (3) and substituting from (4) 
dE dA
i.e.
dt dt ~ kE
~  + kE = 0 dt
If the expression 
dE^ + kE = 0 is integrated
-kt
E = c e
When
t=0; E = E * <
Therefore
c = Eo
and
with
_ _ -letE = E e o
•—Ir f*
A = E - E = E (1-e )o o
It can be assumed that the film density D is proportional to the 
exposure
D = X E
Then
D = A E e kt o
When
t = 0 D = A E o o
and
2— = e kt The relative density is independent of film
° sensitivity
Log 5— . = -kt (3)
o
As the amount of absorbtion increases and the exposure is 
reduced then the rate of absorbtion with respect to the thickness 
decreases so that for a thin bone i.e. the thin end of a wedge, 
there will be a greater absorbtion of x-rays than from a thick 
bone, i.e. at the thick end of the wedge. Thus the relation 
between density and thickness will not be linear as shown in 
Fig. 29. In order to relate density and thickness formula three
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8.6 Experiment 1
The x-ray absorbtion behavior of aluminlnm
8.6 Experiment 1
The x-ray absorbtion behaviour of aluminium
In this experiment the formula D = D, e was applied to 
the x-ray absorbtion behaviour of aluminium to see whether it was
a sufficiently good representation to explain the relation between 
film density and thickness of aluminium.
A wedge was manufactured from aluminium alloy and a series 
of x-rays were taken of the wedge with a different exposure but 
with the tube/film distance, voltage, alignment and development 
procedures the same for each exposure.
The processed x-rays were then analysed to test the density/ 
thickness relation.
Procedure
A series of x-rays was taken of the aluminium wedge at 
different exposures so that the x-ray intensity was varied in a 
known manner because the killovoltage, miiliamperage, distance and 
the processing conditions were all fixed. The exposures used were 
.05, .1, .2, .3, .4, .5, .6, .7, .8, .9, 1.0 seconds. The films 
were carefully processed and dried. A density trace was taken down 
the centre of the image of each wedge.
A fog line was traced through the most dense structure on
the film, i.e. the whitest part of the film, the thickest portion
of the aluminium framework surrounding the wedge. The same, point
was used in each x-ray.
The density traces from the x-rays of exposures .05 and .4 
secs, are shown in Fig. 29.
Materials 
Aluminium Wedge
The loading device shown in Fig.11 which was used to study 
the deformation of implants as described in Chapter 7 was modified 
so that a specimen holder could be attached to the apparatus by a 
slot as shown in Fig. 30. The holder consisted of an aluminium 
wedge of known dimensions and a specimen container which was 
positioned directly above the wedge. The wedge was thus fixed in 
position in front of the x-ray film and for the later experiments 
bone specimens could be x-rayed on the same film as the aluminium 
wedge under the same conditions. Preliminary experiments had been 
conducted with aluminium foil to find a suitable maximum thickness 
for the wedge which would be in the same density range as the bone 
sites and it was found that a maximum height of .579 cm was suitable.
TABLE 23. Aluminium Wedge
Wedge Maximum Height Base Length Angle Slope
Aluminium .579 cm 2.306 cms 14° 10 1/4
„J) .was measured at increments of 1cm. from the end of the film.
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Analysis of the density traces 
Datum lines
Examination of the traces showed that it was difficult to fix 
precisely the exact point at which the wedge begun, the end of the 
wedge and the position of the base density line due to the undulations 
of the trace. Because of this it was decided that the only datum 
line which was precise was the edge of the film, so that all 
measurements were taken from this line.
Density readings
The density was measured along the trace at intervals of 1 cm 
starting at a point 2 cms from the edge of the film. The density 
measured, D, was the distance from the trace line to the fog line.
A mean line was drawn through the centre of each curve and the 
density reading was measured to this point. The readings were 
taken to the nearest g ram.
The maximum density, D^ was also measured from the base line 
to the fog line. The distance of each density reading from the 
edge of the film, w, was known.
The position of fzeroV thickness of the wedge, i.e. the
true end of the wedge.
Let the true end of the wedge be at a distance of w^ from the
edge of the film.
Then, log D/D = k (w-w ) o o
When log D/D =0, w = w o o
Thus if log D/Do was plotted against (w-w^) the relation should
be linear and where the straight line of the graph crosses the
w-w co-ordinate will be the position of w . o o
The values of Log D/D were calculated for each densityo
reading on each trace and the graph of the .2 sec. trace is shown
in Fig. 31. The line crossed the axis at an average distance for
all the traces of 13.15 cms from the edge of the film. Thus
w = 13.15 cms. o
Finding the best value of k.and Dq
If the optimal value for k was calculated from the Log D/Dq
curve it may be subjected to various errors because Dq, the distance 
between the fog line and the saturation density, must be approxi­
mated due to the variations in the density line. A more accurate 
method of finding k is to plot the Log D value for each incremental 
point against w-wq. If D = D0 e Wo^ then the relation between
Log D and w-w will be linear and the line will have the same o
slope as the Log D/Do curve, although in a different origin. Thus 
if the curves of the Log D relationship are plotted for each of the 
x-rays in the series the result should be a number of parallel 
straight lines. Using the method of least squares the optimal value 
for k can be calculated which obeys the criteria that the line 
should be the best fit through the experimental points for each of 
the traces from the different x-rays and that all the lines should 
be parallel to each other.
The calculations to obtain the optimal value of k are shown 
in the Appendix. The root mean square deviation can then be 
calculated so that the lines which show large deviations can be 
discarded as in error or outside the range of the linear response 
of the film. The k value can now be recalculated so that the 
most accurate figure for k can be found. When the value of k is 
known the optimal value of can be found as shown in the appendix..
In practice a computer was programmed to calculate the optimal 
values of k and for each exposure trace. In Fig. 32a the results 
of the calculations for Series 2 are shown. The line, of the curve 
is the best fit line from all the experimental points. The crosses 
are the experimental points. The value of k was .15. It can be 
seen that the .05 exposure line is a poor fit with a root mean 
square deviation of .0977 compared with the next line of .0368.
This line was thus rejected and the best fit recalculated 
with a new result which showed a k value of .16. The .5 sec. exposure 
line showed double the root mean square deviation of the other lines,
.0420, this line when examined showed wide deviations for points 
1 and 2 and was also rejected. Finally, the lines from exposures 
of .1 to .4 were used as shown in Fig. 32b. The k value xms .16 
and the highest root mean square deviation xms .0264. The graph 
for series 1 are shoxm in Fig. 33. The optimal k and D values 
are shoxm in Table 24.
TABLE 24. Optimal values of k and D
o
Series Exp. (sec.) Optimal
k
Optimal
D
o
1 .05 .14 4.5
.06 7.3
.08 8.8
.1 11.02
2 .1 .16 7.02
.2 9.3
.3 10.91
.4 13.6
The k value for Series 1 was lower than for Series 2.
This could be because the killovoltages of the machines were not 
in fact the same.
Comparison betxmen the calculated and the experimental 
values of D.
Using the equation D = DQe \ with k, Dq and (w-wo)
knoxm, the optimal D values were calculated so that they could be 
compared to the actual experimental values for D.
The density trace was replotted so that the experimental and 
the calculated trace could be compared as shoxm in Fig. 34. The 
root means square deviations for the points was between .13 and .05.
The Accuracy of the Experiment
The experiment was now repeated on a different day with a new 
set of density traces from the x-rays to check the repeatability 
of the results. The new value for k was .161 compared with .162. 
Thus the third decimal place was dropped and the k value was 
adjusted to be .16 within the accuracy of the experiment.
The traces of the x-ray films were examined for movement of 
the film in the holder and a maximum divergence from the vertical 
of j mm was found at the magnification of 5-1.
Conclusions
It has been shown that the formula D=DQe is a sufficiently 
good representation of the x-ray absorption behaviour of aluminium 
for it to be applied to further experimental work. The formula 
has been applied successfully using two x-ray machines which were 
in normal use in clinical practice. It has been shown that the 
results were repeatable within the accuracy of the experiments.
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Experiment 2 
The calibration of bone samples
Experiment 2
8.7 The Calibration of Bone Samples
Because the absorbtion behaviour of Aluminium appeared to be 
represented by a simple formula, this absorbtion formula could now 
be applied to bone to see if the absorbtion of x-rays on bone could 
also be represented in such a i^ ay. Thus the object of the new 
experiment was to calculate the k value for both cortical and 
cancellous bone so that comparisons could be made with the k value 
for aluminium. This would relate the density of the inert material 
used for comparison to the biological materials. The closer the k 
values of the aluminium to bone the more suitable it is as a
comparison material. The k values for living cortical bone could 
be calculated from the data on the x-ray and the measurements in 
the mouth because in the superior areas of the jawbone there is 
only cortical bone, the width of which can be measured. Problems 
were expected with cancellous bone because it was highly porous 
and difficult to prepare as a specimen.
Materials
Two bone wedges were manufactured from scapula region of 
the body of a newly killed pig, the first of cortical bone and 
the second of cancellous bone. The object was to prepare wedges 
of similar dimensions to that of the aluminium or to prepare 
wedges of the same slope. The cancellous bone wedge proved difficult 
to make because when the bone was thin it broke as attempts were 
made to mill the point. Thus the cancellous wedge was shorter 
than the cortical and aluminium wedge but with the same slope.
TABLE 25 Bone Wedges
Material Height Base Length Angle Slope
Aluminium .579 2.306 14°10f 1/4
Cortical
Bone
.579 2.316 14°10V 1/4
Cancellous
Bone
.579 2.16 14°10* 1/4
Procedure
The bone wedge was placed in the specimen holder as shown in Fig.30 
except that it was horizontal in the holder. X-rays were taken of 
the cancellous and cortical wedges. Density traces were made from 
the processed films of the images of the wedges. These traces 
were analysed as before. The density was measured from the fog
line to the curve at intervals of 1 cm starting at 2 cms from the 
edge of the film. The density was carefully measured to the centre 
of the curve which was more difficult in the case of the cancellous 
trace as shown in Fig. 35. Thus the margin of error when analysing 
the cancellous trace was greater than for the cortical and the 
aluminium traces.
The log D/Dq values were calculated for each density reading
and the position of w q was found from where the line crossed the
w-w axis. o
As before the computer was programmed to calculate and draw 
the best fit line by the method of least squares and the results 
are shown in Fig. 36a and Fig. 36b.
TABLE 26. The values of k and Do
Material 'k1 D0 Root Mean Square Deviation
Aluminium .16 *4 2.61 .020
*3 2.39 .026
Cortical .10 *4 2.71 .009
Bone *3 2.63 .009
Cancellous .03 ,4 2.50 .016
Bone *3 2.33 .019
R a s h its
The values of k and D are shown in Table 18. Thus a
o
comparison b etween the k values for Series 2 shows aluminium at 
.16 compared to cortical bone at .10 and cancellous bone at .03. 
For Series 1 the values were .14, .08, and .02. The proportional 
difference between the values for aluminium and bone remained the
same for each machine.
Conclusion
The root mean square deviation was higher for cancellous bone 
than for cortical bone and aluminium as expected due to the greater 
porosity. The cortical traces were similar to aluminium and would 
suggest that cortical bone is a suitable material for densitome trie 
studies due to its regular structure. Ideally a comparative material 
should have the same k value as the cortical bone so that there is 
scope for experimenting with new materials more closer in structure 
to the bone.
The relation between the i\r-w value and the actual thickness
_______ o_______________________________
Let the distance from the edge of the film at any point be
w and the end of the wedge w q and the density at the point w be
D and the wedge thickness t.
Then
(w-w ) , _ or. - .t = o and w-w = 20 t
20 °
magnification = 5
slope of wedge = 4
Log D/D = k (w-w ) o o
Let w - 13.15 cms
o
Then Log D/D = k (w-13.15) o
= -20 kt
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8*8 The effect on the density of x-ray films when the x-rays 
pass through more than one type of hone
8.8 The effect on the density of x-ray films when the
x-rays pass through more than one type of bone
The intensity of the radiation emanating from the x-ray tube 
will cause maximum blackening of the film when the rays pass 
uninterrupted from the tube to the film. The maximum density is 
the D of the previous experiments. When the radiation beam is 
interrupted by passing through material some energy is absorbed 
and a beam of reduced intensity is transmitted from the material. 
Let the density of the film produced by this reduced beam be D^.
However if the beam is interrupted by a second material (2) then
the intensity of the beam will be further reduced by absorbtion
of energy in material 2 so that the density the film produced
by the energy transmitted through material 2 will be less than
and let this be called
The relation between D , and D0  o 1_____ 2
It has been shown that a sufficiently good representation of
the absorbtion of x-rays can be obtained by relating the film
density (d) and the base density (D^ ) to the thickness of material 
-kt
so that D=D e o
Let us consider two materials of thickness t^ and t2 and
coefficients k^ and k^. If after passage through the first bone 
the rays pass uninterrupted to the film the density of the film,
would be ,
D- = D e 111 o
The rays which would produce density however now pass through 
material 2 so that is the new maximum density.
D2 = D1e”k2t2 
D2 is the final density of the film.
D0 = D e ^ l h  ~ k2t22 o
= D e“ (klfcl + k2t2) 
o
If the rays passed through a third material then the resulting 
density would be
■ - (k tn + k0t0 + k„t )D0 = D e 1 1 2 2 3 3
3 o
In the case of cancellous bone in a cortical shell this means 
that the inner and outer cortical bone can be considered as one 
piece of bone and the whole as if made of two materials with the 
thickness of the inner and outer cortical layer added together.
An example to demonstrate the calculations of density when 
there are more than one bone is shown in Fig. 37.
Materials
The cancellous wedge used in the previous experiments was 
tested in this experiment together with a new specimen of cortical 
bone, parallel sided and of thickness .5 cm.
Procedure
The cancellous wedge was placed in the specimen slot and the 
cortical block was positioned over the wedge and fixed in place 
with adhesive round the edge. The bones were x-rayed so that the 
rays first went through the cortical bone and then through the 
cancellous bone.
A density trace was taken of the image of the processed 
film produced by x-ray beam reduced in intensity after passing through 
first the cortical bone and then through the cancellous wedge. This 
trace is shown in Fig. 37. Because the cancellous wedge was shorter 
than the cortical bone the density of the trace when the slope 
becomes zero is the density of the cortical bone. This density, 
was measured at 5.0 from the fog line. The value of k for the
“k (w-w )cortical bone was now checked by applying the formula = D^e o .
The value of D was measured at 14 units.
Log = Log D^'-k(w-w )
= Log D - 20kt o
= the thickness of the cortical bone 
Log 5 = Log 14 - 20 k (.5) 
k = .10
o
The density of the combined bones, = DQe
Because the thickness of the cortical bone is constant
D0 = D e 2 o
X is a constant and is equal to k^ ( w - wq )  ^or k^20t
t = the thickness of the cortical bone.
Log D/D = -k (w-w )0 - A o Z o z
k^ relates to the cancellous bone.
The log values were calculated for the combined bone
and plotted against w - w q  as shown in Fig. 38. From the previous
experiments the Log D/Dq values for the cancellous wedge alone had
already been calculated and these values were again plotted against
w-w (Log D/D = k«(w-w )„). The too lines were parallel and the o o z o z
distance between the lines is the value of A. The distance 
between the lines was 1 unit. Thus A = 1. Therefore .1= -20(.l) (t). 
t = .5 cms. t = thickness of the cortical bone.
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Conclusions
The effect of x-rays passing through two or more materials 
has been calculated and then demonstrated in the laboratory 
experiments. The practical application of this in the mouth will 
have to be carefully tested. The use of densitometry techniques 
will demand accurate alignment of the tube, site and film and a 
fixed tube film distance.
8.9 The detection of prepared holes in the cancellous bone
Laboratory experiments already described, showed that previous 
research workers found that from 30 to over 50% of the cancellous 
bone had to be removed before the overall density of the bone image 
on the processed film increases sufficiently to be detected by the 
naked eye. The effectiveness of densitometry techniques as a means 
of detecting holes was tested in the laboratory although further 
work in vivo would have to be completed before a definite scientific 
statement could be made.
Materials
Two specimens of bone were manufactured from bone taken from 
the scapula region of a pig. One bone was specimen filled from 
cortical bone and the other from cancellous bone. The specimens 
were parallel sided and 1 cm in thickness. Holes were cut in the 
bone, as shown in Fig. 39 of diameter .4, .3, .2, .1 and .05 cm.
A third bone specimen, used in the previous experiments, 
made from cortical bone, parallel sided and .5 cm in thickness was 
also used.
Procedure
Separate x-rays were taken of the cortical and cancellous specimens 
with holes and then a third x-ray of the cancellous bone with holes 
covered by the third specimen, the cortical block without holes.
Density traces were made from the processed films as shown in 
Fig.
Analysis of the traces
The distance between the fog line and the trace, D, was
measured at increments of \ cm. In the region of the flow the
measurements were taken every .1 cm. The D value was measured
o
as the distance from the fog line to the saturation density line
after the end of the wedge. For each density point the value of
the bone thickness at this point was calculated from the formula
D = D e"1^  o
LogeD = L o g ^ V  
L°8 f  = - (20k)I
o
Log D_
D = t o
20 k
k (w-w ) o
20kt
The values for k have been calculated from the previous experiments 
as .10 (cortical bone), .03 (cancellous bone). The relation 
between the t value and the distance from the edge of the film 
was plotted.
Results
The results are shown in Fig. 40 and Fig. 41.
It is difficult to discover the accuracy of the technique because 
of the problem of analysing the traces of the holes.
In the case of the cortical bone the five holes were detected 
but in the cancellous trace only the 40, 30 and 20% holes were 
detected. Finally, when the cancellous bone was covered by cortical
N.B. Log D 
D
bone th.e same three holes could still be detected. The detection 
of the 20% hole was in advance of the laboratory reports which 
suggest that there should be further experiments in vivo to see 
whether bone conditions, such as a tooth abscess, could be detected 
at an earlier stage using densitometry techniques.
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8.10 Conclusions
The problems of applying quantitative techniques to interpret 
the x-rays from a normal dental x-ray unit have been studied. The 
film responds linearly within a small exposure range. The x-ray 
absorbtion behaviour of materials has been examined.
It has been found that a sufficiently good representation'of 
the x-ray absorbtion of aluminium, cortical and cancellous bone can 
be made by applying a simple formula. Two applications of these 
techniques have been studied. The passage of x-rays through a more 
complex material consisting of more than one density was explained 
by applying the formula to each layer. More experiments in vivo are 
necessary to study the methods and their practical application. In 
particular the desirability of taking more than one radiograph of a 
site from different angles is an avenue which needs to be explored.
The experiments have shown that the density reading on the 
x-ray film is not in itself important because this density can be 
caused by more than one combination of thickness and densities of 
cortical and cancellous bone. So that these techniques are only 
useful in vivo if the k and t values of the cortical and cancellous 
bone can be calculated from these density values. Alternatively, 
the kt values for cancellous bone would be sufficient. However, if 
the k and t values can be found then the level of detection of bone 
flaws was shown to be superior to that of naked eye in the 
laboratory experiments.
The use of the dental x-ray machine showed that densitometry 
techniques could be applied in clinical practice although more 
experimental work in vivo needs to be completed before this is 
advisable.
The analysis of x-rays using the microdensitometer is accurate 
but time consuming. There is the disadvantage that each scan 
covers only 1 mm of site width so that a number of scans may be
considered to be necessary to cover the entire field. The use of
a computer to calculate the best values for k and suggest that
the x-rays could be interpreted more easily if a computer can be
included in the machine to measure and calculate the values of
k, D and relate the w-w and the thickness of material.9 o o
CHAPTER 9
GENERAL SUMMARY & DISCUSSION
In this thesis different aspects of the mechanical behaviour 
of endosseous implants have been investigated. The significance of 
the conclusions in respect of each aspect of the work can now be 
discussed and related to previous conclusions formed by other 
investigators.
It has been suggested by Picton, Johns et al that the implant 
behaves under stress in the same way as an ankylosed tooth.
They concluded that when a load was applied there would be 
elastic deformation of the implant but reduced mobility compared to 
the natural tooth and an absence of the biological effect such as 
damping. In the present study this elastic deformation of the implant 
has been investigated in the laboratory. Two types of deformation 
have been measured by the double exposure radiographic procedure, 
bending and rotation.
In the laboratory the implants of low flexural stiffness such as 
the pin bend under lateral load whilst the stiffer implants such as the 
blade rotate under load with some bending of the neck. The deformation 
of the pin implant appears to be concentrated upon only a small area of 
the body of the pin that is the area in the region of the crest which 
includes the cortical layer and the immediate cancellous bone attached 
to the cortical bone. Thus when a pin implant is under lateral load 
it would appear that a large part of the load would have to be 
sustained by a small area of bone at the crest. With a more rigid 
implant such as the blade, and by inference another stiff implant the 
thick screw, the deep portion of the implant would sustain more of the 
load either directly like the blade or indirectly through screw threads.
Pin implants might be supposed to function as a load bearing structure 
in respect of the lateral loads if it is well fixed in bone of high 
modulus at the crest and at the tip with only low modulus between 
the crest and the inferior border. For the blade however.the modulus 
of the cancellous bone is more important because the body of the 
blade is inserted into cancellous bone.
Thus the insertion of blades into porous bone, such as advocated 
by Linkow in the tuberosity region, would be inadvisable because one 
is unable to compensate for the reduction in bone modulus by increasing 
the area of the blade.
There are two final points of interest regarding the rotation of 
implants that is the point of rotation and the comparison of this 
deformation with that of the natural tooth under load. For the blade
implant the point of rotation was at a point deeper in the bone than
the point of bending of the pin implant. There was a similarity 
between the point, of rotation of the tooth which has shown to be at
a point one-third of the root length from the root apex.
Finally the lateral displacement of the implants were negligible. 
However it might be expected that if the inner or outer plate of bone was 
reduced in width or if the modulus was low then the possibility of 
displacement would be increased and this might result in fracture of 
the bone.
It can be stated therefore that the magnitude of the deformation 
of the implant at the interface under lateral load is not constant and 
thus the implant in certain areas shows maximum deformation. The double 
exposure experiments have demonstrated that the maximum deformation was 
measured in the region of the bone crest in all the implants which were 
tested. The photoelastic tests showed the stress patterns likely to 
cause such deformations. Once again the maximum stress was measured 
at the bone crest and thus it can be argued that the magnitude of the 
stress concentrations are directly related to the magnitude of the
deformation. This relationship between stress concentrations at the 
interface and the subsequent deformations must now be related to the 
conditions which would be favourable to the implant. There is a 
lack of information about the mode of loading which would enable the 
bone to obey Wolffs law and remodel its structure to reduce stress 
concentrations to a minimum and the loading conditions which would 
cause resorbtion. There is a major difference between remodelling 
of bone as in orthodontics and resorbtion which is related to pocketing 
and a chronic inflammatory condition of the gingival mucosa and the 
bone. Clinical experience confirms that excessive local pressures can 
be induced even in the bone surrounding natural teeth which may become 
loosened as a consequence of imballance in the occlusion.
In part three of the thesis 282 implants were examined and re­
examined at intervals of six months. Resorbtion had occurred in the 
majority of the cases, that is in 168 of these cases. Why did 
resorbtion not occur in 114 cases? In this thesis the question has 
been put whether the mode of loading and the mechanical properties 
of the implant are the prime causes of resorbtion, i.e. the overloading 
of the bone. In the analysis of the clinical cases there is certain 
evidence to suggest that this is the case. A study of the areas in 
which resorbtion first occurs show that the first areas of resorbtion 
are always related to those regions of maximum stress concentration 
and deformation, i.e. bone crest. Thus the pattern of resorbtion is 
that which might be expected from an overloading of the bone. Similarly 
some of the factors which would cause high stress concentration might 
be expected to be present in those cases where resorbtion had occurred. 
Thus there was an increase in vertical height of the implant prosthesis, 
poor sites and inadequate load diffusion in these cases where resorbtion 
had occurred.
It was found that lightly loaded intermediate implants had a success 
rate of over 90% whilst the more heavily loaded implants used as distal
abutments or as unsupported single tooth replacements had a success 
ra.te of less than 40%. The reports of Cranin show similar conclusions. 
Thus it could be concluded that the magnitude of the stress concentrations 
at the interface are directly related to the deformation and to the 
resorbtion of the bone which occurs in a large number of cases. Now 
it can be argued that those mechanical factors which reduce the stress 
concentrations are desirable. Similarly it can be stated that if the 
implant site configuration is such thatifhigh stress concentrations 
cannot be reduced then no implant should be inserted.
The properties of the bone site and the mode of loading of a 
proposed implant are fixed although standing teeth can be restored to 
equilibrate the occlusion and thus reduce the loads and particularly 
the moment.
It is the area of load diffusion where reduction of the stress 
concentrations is, to some extent, within the control of the Dental 
Surgeon.
The extent to which the load is diffused is related to the 
properties of the implant that is its material properties and its 
design. The important material property in this context is its modulus 
of elasticity. In the photoelastic experiments it was shown that if 
the modulus of the simulated implant was increased from a modulus 
equal to the modulus of the simulated bone then the stress patterns 
were changed in such a way that the stresses at the interface were 
more localised with higher maximum stresses. The modulus of the implant 
material is important because implant materials vary from plastic and 
carbon whose modulus is similar to that of the cortical bone to metals 
which are 10 times that of bone to ceramics whose modulus is 15 times 
that of cortical bone.
The load diffusion is also related to the geometric shape and the 
second moment of the area of the implant although the dimensions of 
the implant are restricted by the dimensions of the bone site. The
geometric shape of the implant would appear in the first instance 
directly related to the area of contact of the implant material with 
the bone. This can be refined by applying the area rule only to the 
bone under compression. Thus each individual pin implant under lateral 
load compresses the bone mainly in the region of the crest. This area 
of contact can then be compared to the average area of the original root 
or roots under compression by using the tables of Jepson or Thylmann 
et al. Thus if three pins replace one lower molar root it will be seen 
that there is a large support area deficit. Ideally the implant of 
choice would have the least support deficit.
However the double exposure and the photoelastic tests have shown 
that small changes in the area of contact can cause comparatively 
large changes in the magnitude of the deformation and the magnitude of 
the stresses respectively. Thus increasing the diameter of a pin from 
1 mm to 1.2 mm reduces the deformation at the crest by over 50% (7.1 to 3 
units). Thus there is another important element that is the second 
moment of the area of the implant (I).
This property is concerned with the distribution of the area of the 
material around a neutral axis. The photoelastic experiments showed that 
an increase in the value of the second moment of the area reduced the 
surface stress concentrations thus when the diameter of the pin form 
was reduced by 50% the maximum stress was reduced from 4g to 2| units.
It was also found that the important 'I’ value was that in the critical 
area where the bone was under pressure that is for the pin implant, the 
crest region. Thus a tapering pin whose maximum width was two times 
its minimum width produced the same reduction in stress as when the 
diameter of the entire buried portion was increased.
The double exposure radiographic experiments also showed that an 
increase in the value of fI* in the critical region reduced the 
deformation. For the pin implant, the diameter is important in this 
respect thus the deformations of the 1, 1.2 and 1.5 mm pins were
7.1, 3.0 and 1.5 units respectively. The tapering pin, 1.5 to 1.2 mm 
in diameter, was almost as effective as the 1.5 mm pin (2.5 to 1.5).
This would suggest that a pin of diameter of 1.5 mm in the crest 
region should be used when it is possible and not the 1.2 mm pin which 
is used at the moment. The width of the bone site is often drastically 
reduced so that small changein design which would significantly reduce 
the deformation at the interface would have a practical significance.
Because the principle stresses at the interface occur with the 
pin implant in the critical crest region it was expected that increasing 
the length of the pin would not reduce the crestal stresses and would 
only be useful to obtain fixation of the tip. In the photoelastic 
experiments it was shown that pin implants of length/diameter ratios 
of 20 to 12 showed the same critical stress values. The photo elastic 
experiments showed that there was an optimal length/diameter ratio of 
16 slightly higher than the photoelastic results which simulated the 
bone with a homogeneous material whilst with the bone site adequate 
fixation of the tip has to be obtained in a site of variable modulus.
Relating to the blade implant, the important dimension in respect 
of fIf appeared to be the length of the blade. Thus in the double 
exposure experiments when the length of the blade was 25, 15 and 5 mm 
the deformation at the crest was 1.0, 2.0 and 3.3 units respectively. 
Thus the blade would appear to be more effective in an extended site, 
equivalent to tiro molar teeth. There appears to be an added factor 
however with the blade that is the position of the shoulder. The tests 
show that there was a reduction in the deformation of from 2.5 to 1.0 
units between a blade inserted so that the shoulder is level with the 
bone and a blade with the shoulder 2 mm below the surface of the bone. 
Thus the optimal position of the blade appeared to be when the shoulder 
is lying just below the cortical layer at the crest. One reason for 
the effectiveness of this position might be the narrow profile of the 
bone at the crest.
Thus for the blade implant a comparatively large site is required 
of a length of two molar teeth and of a depth of 7 to 8 mm. Curvature 
of the bone and anatomical obstructions which necessitate, bending the 
blade or the shortening of part of the body might be expected to diminish 
the effectiveness of the implant. Clinical experience has shown that at 
least 80% of the bone sites are reduced compared to the original site so 
that there is some difficulty in finding an optimal site. It could 
further be argued that if one factor in the effectiveness of the blade 
is that the shoulder should be placed at a depth of maximum width then 
the width of bone must be an important factor so the effective sites 
are further reduced as many sites are very thin. In the clinical tests 
66% of blades were effective but a quarter of these cases wTere lightly 
loaded intermediate abutments.
Thus it would appear that the use of this implant is limited if an 
adequate safety margin was to be preserved. The problems of attempting to 
increase the effectiveness of endosseous implants in medium sites has 
resulted in many modifications of the blade by Pasqualini, Cranin and 
others. The basis of most of the modifications would appear to be the 
addition of a lateral component, however there is a risk of reducing 
the blood supply to the bone between the body and the lateral component 
with resulting resorbtion of this bone. The result of such modifications 
have been that the new blades are most effective in the very sites 
where the original blade has achieved optimal results.
In the double exposure tests the combination of a blade and a pin, 
the bipin was preliminary tested. It was found that a deformation of 
the bipin when compared to a deformation of an optimal blade appeared 
to show that such an implant might be more flexible than the blade in 
clinical use combining the flexibility of the pin with the effectiveness 
of the blade in comparatively shallow bone. However when the probable 
sites for such an implant are investigated then the difficulties facing 
an implant designer are seen for if the implant is inserted at an angle
the stresses on the post would be increased whilst a vertical insertion 
would need the same depth of bone as a pin. Further laboratory research 
is needed to study the effect of the vertical and shear stresses.
The results of the laboratory experiments and the clinical tests 
must now be related to the assessment of the probable performance of 
an implant which is of prime importance to the clinician who must 
practice a technique in which success is related to the skill of the 
dental surgeon and the technician and to the co-operation of the 
patient.
For the successful implant the mechanical and the biological
effects must be related in such a way that the biomechanical response
of the bone to the applied stress will not produce adverse effects.
There are three factors which must be assessed, these are the mode of 
loading, the way in which the load is diffused and the response of the 
bone. It has been assumed that the different factors each exert an 
independent influence and that it is the proportionate change in load 
carrying capacity rather than absolute values which become important 
when assessing a particular case, and relating the probable performance 
of the implant to that of the actual performance of previous cases.
The first factor which must be considered is the load which in the 
first instance can be related to the total load which might be expected 
to be borne by the extracted teeth by reference to the tables of 
investigators such as Thylmann et al and others.
Thus if two molars are to be replaced the load will be greater than
if one lower incisor is missing. The laboratory tests have shown that
as the magnitude of the load is increased the magnitude of the 
deformation is increased.
There is however an added factor which is often overlooked that is 
the distance from the surface of the bone at which this load is applied. 
Thus it is the concept of the overturning moment which must be remembered. 
In the photoelastic experiments it was found that the stresses were
increased from 4 to 5 to 6.5 units as the load height was increased
from 1.1 to 1.89 to 2.68 cms. Similarly it was found for both the
pin and the blade that in the double exposure tests the deformation 
increased as the load height increased. The deformation at 4, 6, 8,
10 and 12 mm was .5, .75, 1, 1.2, and 1.5 for the pin and .3, .4, .5,
.6 and .8 for the blade respectively.
The normal height of the tooth crown is approximately 10 mm from 
the surface of the bone so that if the replacement crown has to be 
constructed to a greater height to restore the occlusal surface due to 
loss of bone then the overturning moment is increased and the stresses 
at the interface would be increased so that more load diffusion would 
be necessary if adverse effects are not to occur in function. This is 
why the lateral forces on the implant are so important and would 
appear to play a significant part in the success or failure of the 
implant.
It is of interest that on re-examination of the radiographs of 
the clinical cases one can see that the majority of the fixed bridges 
and unsupported single crowns are increased in height, to that of a 
normal tooth.
A factor which has to be taken into account is the musculature 
of the patient. One possible method of assessing such a factor is 
to calculate the surface area of the roots of the standing teeth from 
the radiographs using the technique of Jepson. The area of the root 
can then be compared to the average area of roots.
The next important assessment is the extent of the load diffusion 
which is desirable in the particular case and whether such load 
diffusion is possible.
The dental surgeon has a choice between a decision to apply the 
techniques or to abandon the use of endosseous implants. The clinical 
tests have suggested that the majority of the implants have been over­
loaded and it may be that many of the implants which have a doubtful
prognosis have been loaded to capacity. This introduces the engineering 
concept of a safety factor which is always introduced when planning 
structures which have to withstand heavy loads. This would suggest 
that implants should be treated in a similar manner so that they 
should only be inserted in the optimal conditions. This conservative 
approach differs from those Dental Surgeons, of whom Linkow is the 
prime example, who have tried to widen the scope of implants by inserting 
them in less than optimal load/site configurations.
Thus it would appear that the choice of implant should depend 
upon the bone site dimensions and modulus. The next question that must 
be asked is whether the site is optimal for a particular implant design. 
Thus a large site in the molar region with adequate length, width, 
depth and modulus would be suitable for a blade and a pin design would 
be contraindicated because of the dental canal which would have to be 
bypassed with the risk of damage to the canal. The pin implant would 
be preferred if the available bone was angulated whilst the screw 
implant needs from clinical experience a site of at least 10 mm in 
depth.
The dental surgeon must now assess whether further load diffusion is 
necessary and if so whether the means of adequate diffusion are available. 
The analysis of previous work has suggested that the load can be 
diffused to the maximum extent of 4/5ths if there are sufficient 
natural teeth available for splinting. The health of such teeth and the 
periodontal area will determine the capacity to carry extra load.
A re-examination of the radiographs of the clinical cases shows that 
the majority of such teeth show defects in this respect such as bone 
loss, pocketing and malalignment.
The total area of the periodontal support before the extraction 
of the teeth can be estimated using the tables of Jepson and this 
area can be compared to the area of the natural teeth supports and 
the proposed implant in order to obtain an estimate of the extent of
the load diffusion which is.necessary.
Additional diffusion may be necessary and mucosal support may 
be desirable. The results of the clinical tests when fixed bridges 
were inserted over the implants suggest that in the majority of the 
cases mucosal support would have been necessary to avoid overloading 
the implant.
The prognosis of the case can be more favourable if the opposing 
dentition is a denture restoring extracted teeth with a reduction of 
up to 80% of the load. When natural teeth are present the surgeon 
can ensure that the occlusion is restored so that it is not irregular 
with teeth out of alignment.
All the reports of the clinical tests show that the general and 
oral health should be good before implant treatment should be attempted.
The general dental practitioner must rely mainly on radiographs 
to assess the bone quality so the final investigation in the project 
studied the interpretation of x-rays by means of densitometry techniques 
which measure the degree of blackening of the processed x-ray films.
The major problem regarding these techniques was found to be 
that the measured film density represented the overall density, i.e. 
a combination of the cortical and cancellous densities. Thus different 
combinations of cortical and cancellous bone thickness and degree of
porocity could give the same overall density reading.
The use of alluminium as a wedge material was studied. The 
x-ray flux, the bone density and the film density were related in a 
simple formula which was tested and shown to be a sufficiently good 
representation of the x-ray absorption behaviour of this material.
Using this formula cortical and cancellous bone was callibrated.
The effect on the film density when the x-rays passed first through 
one bone and then through a second bone of a different density was 
studied in order to simulate the situation in vivo when the x-rays
passed through both cortical and cancellous bone.
Such a technique would have to he carefully tested in the mouth 
to see whether the required accuracy could be achieved. Finally, 
the densitometry techniques were used to detectflaws in the bone at 
a level which was higher than had been achieved in the laboratory 
using visual techniques.
Undoubtedly a great deal more research needs to be done in vivo 
to see whether changes in the bone can be detected before they are 
visually apparent. However, it has been shown that densitometry 
techniques can be applied with success to dental radiographs taken 
with a normal dental machine. There is further scope for more 
research in the analysis of the trabecular wave patterns which appear 
on x-ray so that the signs from the cortical and the cancellous bones 
can be separated by electronic techniques.
A further development would be a small x-ray head which could 
take films from a series of different angles round the jaw so that 
the results could be analysed by a computer.
One of the avenues for future research is the use of image 
analysing instruments incorporating a computer instead of the 
micro-densitometer so that a direct print out can be used rather 
than the laborious task of making traces. An attached computer 
can be programmed to solve the equations from information taken 
from more than one x-ray. The values of the thickness of the cortical 
and the cancellous bone and their degree of mineralisation can thus 
be calculated.
*
Fin ally:a correlation was found between the site and load assess­
ments and the implant performance for all the implant designs. The 
critical stress factor was well defined for endosseous implants and 
this suggested that there was a predictable pattern for success and 
failure. Immediate failures can be ascribed to poor sites and medium 
failures to good sites which were overloaded. Thus poor sites should 
never be used and some sort of safety factor should assist in the
diagnosis of the problematical cases. One of the major problems 
of the present generation of implants is that there is a large 
number of cases in the class 3 site range and few class 1 and 2 
sites.
The correlation between the site, load and performance encourages 
the development of suitable testing devices for the site and load and 
highlights the area for new designs of implant, i.e. the class 3 site 
range.
The laboratory experiments have shown the most effective use 
of the implant as load bearing structures and suggested improvements 
in design. In the first instance, attention had been directed to 
the importance of the height of the crown. Because the majority 
of implants sites have lost vertical bone the advisability of fixed 
bridges may be questioned. The use of saddle dentures, over the 
splinted implants, which rest on the mucosa and can be removed by 
the patient, would appear to diffuse the load to a greater extent.
The use of densitometry techniques to assess the bone site 
has been shown to be possible by using a standard dental x-ray machine. 
This encourages further study to apply the techniques in vivo.
In Part 3 a new approach to implant diagnosis has been suggested. 
The preliminary findings have shown that a quantative assessment of 
the load bearing capacity of the implant configuration is possible 
and has encouraged further work to design a bite gauge which will 
measure the load directly.
Many of the claims of successful implant treatment in a variety 
of site and loading conditions have been shown to be unsubstantiated 
by supporting evidence from the continued re-examination of the 
functional implant. In fact studies of radiographs of 282 cases 
show that many of these implants appear to have been overloaded.
These findings suggest that implant cases should be restricted to a 
narrow range of site and load configurations and that the insertion
of the present generation of implants should be limited to sites 
which are suitable for the optimal size of implant \fith a number 
of supporting natural teeth.
CHAPTER 10
CONCLUSIONS
As a result of the investigations described in this thesis the 
following conclusions can be drawn.
The Photoelastic Tests which relate to implants in an elastic 
isotrophic medium show:-
1. That the load diffusion behaviour of the implant models varies 
as the geometric shape was changed and as the modulus of the
simulated implant was changed in relation to the modulus of the 
simulated bone.
2. The magnitude of the stress concentrations is directly related 
to the magnitude of the overturning moment.
3. The value of the second moment of the area of the implant (I) is 
inversely related to surface stress concentrations.
4. There is a maximum length/diameter ratio of 12 for the pin shape.
5. Small changes in the design of the implant particularly in the 
region of the alveolar bone crest can cause large and possibly
crucial differences in the magnitude of the stress concentrations at 
the interface.
6. The maximum stress concentrations always occurred^at the alveolar 
bone crest.
7. These photoelastic tests have emphasised that if an endosseous 
implant is to be successful the stress concentration generated
under load at the alveolar bone crest has to be reduced to tolerable 
limits not only in terms of the response to a single load but to 
repeatable loads over a period of years.
8. A transverse load, which was used in the test,-is associated with 
the development•of maximum interface pressure at or just below 
the bone surface.
2. A double exposure radiographic technique has been introduced and 
found to be useful in the laboratory experiments because the image of 
the stressed implant appears on the same radiograph as that of the 
unstressed implant.
Metal implants of the same dimensions as those used in the 
mouth were inserted into fresh, moist animal bone and then subjected 
to lateral loads. The analysis of the double images enabled the 
following conclusions to be made.
2a. The first conclusion is that the results of the photoelastic 
tests have been confirmed in this second simulation of the stress 
problem in vivo.
2b. The maximum deformations under lateral load occur at the bone 
crest.
2c. The magnitude of the deformation is proportional to the applied 
moment. The importance of the height of the prosthesis attached to 
the implant is thus emphasised particularly because in clinical 
practice it has been found that 80% of the bone sites had a loss 
of vertical bone.
2d. The magnitude of the deformations are related to the geometric 
shape of the implant. Changes in the geometric shape alter the 
value of the second moment of the area (I). The magnitude of the 
value of the second moment of the area of the implant is inversely 
related to the deformations.
2e. The predominant type of local deformation of the pin implant is 
bending at the neck whilst the blade acts as a rigid body rotating
about an axis with a minimum of bending at the neck. No sideways
body movement was detected.
2f. An increase of the length/diameter ratio is only useful above 
a value of 16 in order to anchor the tip in cortical bone.
2g. The relationship between length and deformation is not linear 
for the blade. The magnitude of the deformation decreases as the 
length is increased.
2h. The position of the shoulder of the blade in relation to the 
bone crest appears to be an important factor. The optimum position 
was found to be at least 2 mm below the crest.
The laboratory tests enable the following general conclusions 
to be made.
a. There appears to be a direct relation between the magnitude of the 
stress concentrations and the deformations.
b. The load diffusion behaviour of the implant is related to the mode 
of loading and the geometric shape and stiffness of the implant.
c.. A blade implant would appear to show an optimal load diffusion 
when the length of the site is that of two molar teeth and the depth
of the site is at least 7 mm to allow for the shoulder to be positional 
2 mm below the bone crest.
d. A pin implant should have a diameter of 1.5 mm in the region of 
the bone crest when it is possible.
3.An analysis: of 282 clinical cases enable the following general 
conclusions to be made:-
3a. Resorbtion occurred in 114 out of 282 cases in the region of the 
alveolar bone crest.
3b. The transverse loads are always associated with the maximum 
interface pressure at or just below the bone surface therefore there 
is a relation between the magnitude of the overturning moment and the 
onset of resorbtion at the bone crest.
3c. There is a direct relation between the magnitude of the stress 
concentrations produced at the interface, the implant deformation 
and the onset of resorbtion.
3d. There is a direct relation between the magnitude of the load 
on the implant and the onset of resorbtion because the lightly 
loaded intermediate implants showed a success rate in terms of 
resorbtion of over 90% whilst the more heavily loaded distal 
abutments showed a success rate of under 40%.
3e. The mechanical behaviour of the implant depends upon a combination 
of the loading with particular site properties for some implants in 
good sites failed and some implants which were lightly loaded showed 
subsequent resorbtion.
3f. A major limitation of endosseous dental implants appears to be 
the scarcity of bone sites which are not reduced in dimensions and 
modulus in relation to the original site before the extraction of the 
tooth.
4. A method of evaluation of clinical results using a method of 
assessment based upon an arbitrary points system showed that there
is some evidence that a methodical assessment of specified mechanical 
and biological factors provides a criteria for determining whether 
a particular implant is likely to be successful.
5. The problem of applying quantitative techniques to interprete 
the radiographs from a normal dental x-ray unit have been studied in 
a series of laboratory tests.
5a. It is found that a sufficiently good representation of the 
x-ray absorption of alluminium, cortical bone and cancellous bone 
can be made by applying a simple formula.
5b. The formula could also be applied to show the behaviour of 
x-rays through a more complex material by applying the formula to 
each layer.
5c. In the laboratory prepared holes as small as 20% in cancellous
bone could be detected using these techniques even when the x-rays
were transmitted through 5 mm of cortical bone.
There is some evidence that densitometric techniques can be more 
effective than visual techniques in the detection of flaws in the
APPENDIX
The Calculations to find the Optimal Values of *k? and■*D ? 
using the Method of Least Squares 
For any straight line
y = mx + c
The square of the deviation of n experimental values from the 
best lines will be
2 2 
$ = E(y-y.) = I (mx.+c-y.) Where . E_ =E aridy J 1 l J i i=l-n
y^ is the experimental value corresponding to x^
— ■ E(mx.+c-y. )x. = 0
6m l Jl l
*
-r— = E (mx. +c-y.) 1 = 0 6c l J i
2
m Ex. + cEx. = Ex.y. (1)
l i l l
m Ex. + nc = Ey. (2)
l l
Multiply equation (1) x n, equation (2) x Ex and subtract
2
m(nEx. - Ex.Ex.) = nEx.y. - Ex.Ey.
l l l l l l
in which case the fbest' value of the slope is give by
nEx.y. - Ex.Ey. /oxm i l l (3)
nEx.2 - Ex. Ex. 
l 1 1
For each of the densitometer curves
log D = k(w-WQ) + log Dq
Summing over p different exposure times (tr) of a particular
value of w and writing E . = E
r=l-p
Writing
D =E log D 
s
Where
1^  is the sum of log D values for each increment of w,
Then
Where
D = pk (w-w ) + Elog D s o o
Slog D = constant 
o
Substituting m = pk, x^=  w -w q and y^ = Dg into equation (3)
, n E (w-w )D - E (w-w ) E D pk = o s_________ __o_____s_ ^
n E (w-w )2 - Ew-w Ew-w
O 0 . 0
which gives the TbestT value of k, say k.
Return to the original plots of log D against w and write
log D = k ( w - w q )  + log
Substituting
m = k, = w-w q, y^ = log D into equation 2 
the optimum value of log D^, say log Dq is given by
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